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Abstract 
 Many double-stranded DNA viruses use a packaging motor during 
maturation to recognize and transport genetic material into the capsid. In 
terminase motors, the TerS complex recognizes DNA, while the TerL motor 
packages the DNA into the capsid shell. Although there are several models for 
DNA recognition and translocation, how the motor components assemble and 
power DNA translocation is unknown.  
 Using the thermophilic P74-26 bacteriophage model system, we discover 
that TerL uses a trans-activated ATP hydrolysis mechanism. Additionally, we 
identify critical residues for TerL ATP hydrolysis and DNA binding. With a 
combination of x-ray crystallography, SAXS, and molecular docking, we build a 
structural model for TerL pentamer assembly. Apo and ATP analog-bound TerL 
ATPase domain crystal structures show ligand-dependent conformational 
changes, which we propose power DNA translocation. Together, we assimilate 
these findings to build models for both motor assembly and DNA translocation. 
Additionally, with the P76-26 system, we identify the TerS protein as gp83. 
I find that P74-26 TerS is a nonameric ring that stimulates TerL ATPase activity 
while inhibiting TerL nuclease activity. Using cryoEM, I solve 3.8 Å and 4.8 Å 
resolution symmetric and asymmetric reconstructions of the TerS ring. I observe 
in P74-26 TerS, the conserved C-terminal beta-barrel is absent, and instead the 
region is flexible or unstructured. Furthermore, the helix-turn-helix motifs of P74-
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26 TerS are positioned differently than those of known TerS structures, 
suggesting P74-26 uses an alternative mechanism to recognize DNA.  
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Preface 
 
Portions of the work in this dissertation were performed or assisted by 
other individuals. Segments of the introduction will be published as a review 
chapter in the 4th Edition of the Encyclopedia of Virology (Elsevier). This review 
was written primarily by myself, with input and suggestions from my advisor, Dr. 
Brian Kelch. 
The work in Chapter II is a co-first author publication with our previous 
postdoctoral researcher, Dr. Brendan Hilbert. In this chapter, I optimized the 
crystallization conditions for the apo TerL ATPase domain in the I23 space 
group. Dr. Hilbert performed the phasing, model building, and refinement for all 
structures, as well as the crystallization for the SeMet, ADP•BeF3, R139A variant, 
and P3221 apo space group structures. I cloned, expressed, and purified all 
wildtype and TerL variants, with the exception of the R39A, R102A, and 
R139A/E150A double variant, which were cloned by Dr. Caroline Duffy. I also 
performed all ATPase and DNA binding assays, with the exception of those in 
Figures 2.2D and E, which were done by Dr. Nicholas Stone. Synchrotron data 
collection was done at ALS sector 5 (Lawrence Berkeley National Laboratory) for 
SetMet and I23 space group apo crystals by Dr. Banumathi Sankaran. Dr. Hilbert 
and I made samples for SAXS, and the data was analyzed by Dr. Kelch. Dr. 
Kelch also performed the molecular docking and modeling in the manuscript. The 
manuscript was written by Dr. Kelch, Dr. Hilbert, and myself as a joint effort. All 
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data analysis in the publication are the result of numerous conversations 
between the three of us. 
The work in Chapter III was performed largely by myself, under the 
advising of Dr. Kelch. I created and optimized the TerS expression and 
purification protocols, and performed the SEC-MALS, ATPase, and DNA binding 
assays. Dr. Hilbert performed the nuclease assay, and Dr. Stone performed the 
negative stain and subsequent 2D classification of the TerS particles. I optimized 
the cryoEM sample preparations, data processing, model building, and 
refinement. When needed, I sought advice from other lab members such as Dr. 
Stone and Dr. Christl Gaubitz. Datasets were collected with the help of Dr. Chen 
Xu, Dr. Kangkang Song, and Dr. Kyounghwan Lee in the cryoEM core facility. 
Circular dichroism studies were assisted by Noah Cohen. All analysis, 
discussion, and writing was performed by myself with insight and suggestions 
from Dr. Kelch. 
The discussion section was written by myself, with limited input from my 
advisor. All work performed in Appendix 1 was undertaken by myself, with the 
exception of the E150A/WT doping experiment, which was done by Dr. Stone. In 
Appendix 2, this work was done in collaboration with Dr. Lindsey Black’s lab at 
the University of Maryland. Dr. Bingxue Yan from the Black lab purified and 
supplied us with the T4 proheads and TerL samples. Dr. Black and Dr. Yan also 
provided helpful insight for in vitro packaging reaction optimization. All 
experiments in Appendix 2 were carried out by myself. In appendix 3, my 
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contribution to this publication is portions of the DNA binding data, which was 
recapitulated by Dr. Hilbert. Additionally, I also played a role in optimizing the 
nuclease assay that is featured throughout the publication.
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Introduction 
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Introduction 
Bacteriophage are the world’s most abundant entities, with studies 
estimating their numbers to reach over 1031 particles on Earth1. In order for their 
populations to achieve this astounding level of prevalence, bacteriophage infect 
bacteria and replicate at rates which produce dozens of phage in minutes2. 
Because of their rapid reproduction speed and overwhelming numbers, 
bacteriophage are used as model systems to study viral replication and 
maturation. From them, we have discovered the fundamentals of biology, such 
as DNA as hereditary material3, the genetic code4, and mRNA5.   
One task all viruses must accomplish is transporting their genome into a 
capsid to create infectious progeny. While viruses with small genomes use an 
enveloping process led primarily by capsid proteins6,7, viruses with long genomes 
are not capable of this mechanism. For this task, these viruses have developed 
ingenious DNA recognition systems and powerful motors. Motors are found in 
viruses infecting organisms from all three domains of life. This includes viruses 
as large as the giant mimiviruses to small viruses such as adeno-associated 
viruses8–10. For many of these motors, the molecular mechanisms and even the 
identities of motor components are unknown. However, in all cases, these 
viruses use an ATPase motor to actively pump RNA or DNA into the small 
volume of the viral particle, strictly confining the genome. In this manner, the 
motor overcomes the entropic and enthalpic penalties for encapsulating a large 
amount of genetic material. 
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 In many motor-driven viruses, the genome is packaged to very high 
density, often approaching a quasi-crystalline state11. For example, the ~48 kb 
genome of phage lambda is ~16 µm end-to-end, but is packaged into a head with 
a diameter of only ~60 nm12. The motor needs to be extremely powerful in order 
to pump the genome against the internal pressure that builds during packaging, 
and also highly regulated to ensure complete and efficient encapsulation. 
Because of their ability to work against high pressure, viral genome packaging 
motors are a particularly exciting model for understanding motor force-generation 
and regulation. In the following chapters, my work explores the genome 
recognition and translocation mechanisms of double-stranded DNA viral motors.  
 In this introduction, I will focus on the best-understood classes of viral 
genome packaging motors: the terminases and phi29-type motors. These motors 
catalyze double-stranded DNA packaging in tailed bacteriophage, as well as 
herpesviruses. Because phage are the most numerous biological entities, these 
motors likely perform the bulk of viral genome packaging on Earth13,14. Figure 1.1 
depicts a typical packaging cycle for a terminase motor with discrete DNA 
recognition, motor assembly, DNA translocation, DNA cleavage, and final 
maturation stages. While my work mainly focuses on terminase motors, the phi29 
system provides important insight into the chemomechanical steps of the   
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Figure 1.1. Schematic of a terminase motor packaging cycle. Genome 
packaging in bacteriophage and TerL constructs. Maturation of dsDNA viruses is 
a five-step process: (1) the small terminase (TerS) subunit of the motor 
recognizes the concatemeric viral genome; (2) the motor binds to the portal 
complex on the capsid; (3) TerL hydrolyzes ATP to translocate DNA into the 
capsid; (4) after the genome is translocated into the capsid, TerL switches its 
enzymatic activity from translocation to DNA cleavage; and (5) the motor is finally 
released for maturation of another virus while portal binds to the tail proteins to 
complete a mature, infectious virion. This figure and legend is reprinted with 
permission from: Hilbert et al Nucleic Acids Res 2017;45(6):3591-3605.  
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packaging reaction, and thus is included here. In the following sections, I 
describe the major components of the packaging motor, as well as their role in 
DNA encapsulation. 
 
The Portal  
 Both terminase and phi29-type motors pump DNA through a dodecameric 
ring complex embedded in one of the five-fold vertices of the icosahedral shell. In 
terminase motors, this complex is called the ‘portal’, whereas it is called 
‘connector’ in phi29-type motors. Not only does DNA enter through the portal ring 
during packaging, but it exits through the same channel. The portal also serves 
as the binding site for the neck and tail proteins that assemble upon maturation 
of the virus particle15–17. Numerous crystal structures of portal complexes from 
diverse phages reveal that these proteins share a common core structure18–23. 
This indicates that all portals are evolutionarily related, despite low sequence 
homology in their primary sequence. The portal ring has a central channel just 
wide enough for double-stranded DNA to pass through. This finding has led to 
the theory that the portal strips the incoming genome of any proteins bound to 
the DNA24. Moreover, this tight channel is suggested to play a critical role in the 
packaging process itself, perhaps by acting as a one-way valve25,26 or even as a 
primary component of the force-generation step27,28. In all examined cases, the 
dodecameric portal complex creates a symmetry mismatch with the capsid by 
replacing a pentameric coat protein complex at the five-fold vertex of the 
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icosahedron. Whether this symmetry mismatch plays a functional role in 
packaging remains unknown, although recent work suggests a possible role in 
genome packaging termination19.  
 
The Motor: An ASCE ATPase 
 Phi29 motors primarily consist of the connector assembly, ATPase motor, 
and a specialized prohead RNA molecule, known as ‘pRNA ’(Figure 1.2). During 
packaging, the connector protein binds to the ATPase motor through interactions 
with the pRNA, and the motor translocates the DNA through the connector into 
the capsid. In terminase motors, the portal assembly binds to the ATPase subunit 
(the large terminase, or TerL) directly without pRNA. Terminase motors have an 
additional endonuclease domain, which is used to initiate and terminate 
packaging (discussed below). Despite the differences in motor assembly, both 
phi29 and terminase motors rely on a similar catalytic core to power DNA 
translocation: the ASCE ATPase fold. 
The ATPase subdomain of viral genome packaging motors is derived from 
the ASCE (additional strand conserved glutamate) division of ATPases. The 
ASCE division contains numerous superfamilies of ATPases, including widely 
studied AAA+ ATPases, ABC transporters, RecA, and SF1/SF2 helicases (Figure 
1.3)29. ASCE ATPases are ancient machines that function across all cellular life,   
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Figure 1.2. CryoEM structure of the phi29 motor. Density from difference 
maps isolating the connector (green), pRNA (magenta) and ATPase (blue) were 
combined to visualize the DNA packaging motor in ϕ29. (A) Close-up view of the 
phi29 motor. (B) The motor is shown in the context of the entire prohead. The 
front half of the prohead density has been removed so all the motor components 
can be seen. This figure and legend has been adapted with permission from: 
Morais et al Structure 2008;16(8):1267-74. 
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Figure 1.3. Phylogenetic tree of ASCE ATPases. The core Rossmann fold is 
shown in green, while branch-specific structural features are shown in various 
colors. The terminases and phi29-type ATPase families likely evolved from AAA+ 
ATPases.   
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as well as many viruses. Although their molecular mechanisms and roles are 
remarkably diverse, ASCE ATPases usually function as multimers that convert 
the chemical energy of ATP into mechanical work. ASCE ATPases also generally 
use a similar ATP hydrolysis mechanism. Thus, studies of the packaging motor 
structure and mechanism have broad relevance towards understanding the 
general principles of molecular machines.  
The ASCE nucleotide binding motif uses a Rossmann ‘βɑβ’ fold30,31 which 
is comprised of a β-sheet sandwiched between multiple ɑ-helices. Different 
clades within the ASCE tree may add variable elements to this base structure, 
however there are four features that are common to all ASCE ATPases: the 
Walker A and B motifs, a catalytic base that is usually a glutamate residue, and a 
trans-acting motif (Figure 1.4). The Walker A motif (also known as the P-loop; 
consensus sequence [G/A]xxxxGK[T/S], where ‘x’ indicates any amino acid), is a 
nucleotide binding motif that forms hydrogen bonds with the ATP phosphates in 
the active site. The threonine/serine residue in the Walker A motif is critical, as it 
coordinates a metal ion, often a magnesium, for ATP hydrolysis. Downstream in 
the protein sequence, the Walker B motif (consensus sequence φφφφ[D/E], 
where ‘φ’ indicates a hydrophobic amino acid), further assists in binding this 
metal, which coordinates the β and γ phosphates of ATP. Immediately 
downstream of the Walker B motif, a glutamate residue acts as an essential 
catalytic base, activating water for nucleophilic attack on the γ-phosphate of  
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Figure 1.4. The terminase ATPase active site. The P74-26 bacteriophage 
ATPase domain  is shown. ADP•BeF3, a non-hydrolyzable ATP analog, is bound 
in the active site. The Walker A motif hydrogen bonds with the ATP phosphates, 
and the conserved serine residue coordinates a magnesium ion (purple sphere). 
The Walker B motif further assists in binding the magnesium, with the catalytic 
glutamate coordinating a water (not shown) for nucleophilic attack.   
11 
 
 
 
ATP29,32,33. (Often this ‘catalytic glutamate’ is included in the Walker B motif, 
which yields a consensus sequence φφφφ[D/E]E.) The fourth feature, a positively  
charged trans-acting element from a neighboring subunit (known as the arginine 
finger) interacts with the γ phosphate of ATP to stabilize the hydrolysis transition 
state. This trans-acting element also links nucleotide sensing and ATP hydrolysis 
between subunits, a necessity for regulating activity within oligomeric ATPases. 
Terminase and phi29-like motors have numerous similar features, 
suggesting a relatively close phylogenetic relationship. Previous phylogenetic 
analysis classified the terminases and the phi29-type motors as disparate 
families within the ASCE division of ATPases. The phi29-type motors were 
placed within the HerA/FtsK family of dsDNA translocases and the terminases as 
an offshoot of RecA ATPases34,35. This classification was based purely on 
sequence analysis and secondary structure prediction. However, recent 
structural and mechanistic discoveries led to the conclusion that terminase and 
phi29-type motors are much more closely related and are two distinct clades 
within the same family (Figure 1.3)36–40. The ATPase subunits of phi29 and 
terminase motors have a core Rossmann fold with additional elements 
appended. For example, there is an additional ɑ-helix and three antiparallel β-
strands inserted between strand 2 and helix B of the core Rossmann fold, 
differentiating them from other ASCE ATPases36–41. An N-terminal helix has also 
been added, where it packs atop helices A, B, and C of the core Rossmann fold. 
The phi29 ATPase domain also contains a short antiparallel β-strand inserted 
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between helix D and β-strand 536. Additionally, terminase motors have a C-
terminal nuclease domain, while phi29 motor proteins lack nuclease activity. This 
is not surprising, because the phi29 motor does not cleave DNA during 
packaging (see below for more details). Finally, the terminase motor has a three-
helix bundle subdomain in between the core ATPase domain and the nuclease 
domain. We refer to this subdomain as the ‘lid’ because it caps the ATPase 
active site (others have referred to this substructure as a ‘linker’ domain39 or 
ATPase subdomain II41). The three-helix bundle lid subdomain is distinguished 
from the four-helix bundle lid subdomains of AAA+ and STAND ATPases. It is 
unclear whether phi29 has a similar lid subdomain, as the protein used for 
crystallization only contained the core Rossmann-fold of the ATPase36. 
 In addition to similar ATPase domain structure, both terminase and phi29 
proteins form oligomers when bound to the portal/connector. In the absence of 
the portal/connector proteins, the subunits of terminase and phi29 motors are 
generally monomeric36,39,40,42,43. CryoEM and biochemical studies of the 
terminase motor show a pentameric assembly of subunits37,41. However the 
oligomeric state of the phi29 motor remains contentious, as some biochemical 
studies suggest a hexameric assembly44.  
Assembly of the oligomeric motor onto the portal/connector facilitates 
ATPase and presumably packaging activity. Both terminase and phi29 motors 
use a trans-activated ATPase mechanism through an arginine finger motif36,37,45, 
similar to most other ASCE ATPases46,47.The arginine finger is positioned within 
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the interface between two subunits, directly contacting the ATP γ-phosphate to 
stabilize the developing negative charge during the ATP hydrolysis transition 
state. In phi29, the arginine finger also causes ejection of ADP from the post-
hydrolysis state48. Thus, the arginine finger residue not only plays a catalytic role, 
but also ‘communicates’ nucleotide status between subunits within the ring. 
Because the arginine finger is central to motor function, its position on the protein 
surface dictates the relative orientation of neighboring subunits within the ring. In 
terminase and phi29 motors, the arginine finger is located in different regions of 
the protein, suggesting that the overall orientation of ATPase subunits may be 
altered between the two classes. 
Phi29 and terminase motors are further distinguished by the accessory 
subunits required for efficient packaging. Terminase motors use the small 
terminase protein (TerS), which specifically recognizes the viral genome and 
modulates large terminase ATPase and nuclease activity (see ‘Terminases: 
Packaging Initiation’ section below)42,43,49,50. Phi29 lacks a clear homolog of TerS, 
and instead uses the gp3 protein which is covalently bound to the 5’ ends of the 
viral genome51. The gp3-DNA complex is suspected to be the recognition 
element for packaging initiation52,53. Additionally, phi29 uses the 174 base pair 
long pRNA for binding the motor to the connector. The pRNA forms a pentameric 
assembly on the connector, binding to the phi29 motor through a spoke-like RNA 
secondary structure23,36,54. Terminase motors do not require a pRNA to bind 
portal, and bind through direct protein-protein interactions41. 
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Phi29 motors 
The viral genome packaging machinery in phage phi29 is arguably the 
best understood system. The phi29 packaging motor was discovered in the 
1970s, and an in vitro packaging system was established in 198655. The ability to 
reconstitute genome packaging from purified components opened the door for 
years of incisive study. Furthermore, the phi29 motor chemomechanical cycle 
has been elucidated to high detail using an elegant single-molecule optical 
trapping assay for motor activity56. Early optical trap experiments established 
phi29 as an exceptionally powerful motor, working against forces averaging 57 
pN56, a force close to when dsDNA fundamentally alters its conformation through 
over-stretching57. Subsequent experiments identified individual subunit stepping, 
which provided incredible detail into the mechanisms of force generation58. 
Finally, recent structural analysis has visualized a functioning holoenzyme at low 
resolution and various individual components at high resolution36. 
Phi29 genome replication and packaging begins with the gp3 protein. At 
the beginning of viral genome replication, gp3 covalently binds to the 3’ end of 
the genome, where it acts as a primer for replicating the 5’ strand59. The gp3 
priming domain dimensions and charge mimic DNA, allowing the polymerase to 
initiate replication by covalently linking a nucleotide to the hydroxyl of a serine 
within gp359. After DNA replication is complete, both ends of the DNA, known as 
left and right, remain bound to gp3. DNA-gp3 forms lariat loops60, with the left 
end junction preferentially interacting with the packaging motor bound to the 
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prohead61,62. Binding to the motor causes DNA to supercoil, with some evidence 
suggesting that the supercoil wraps around the connector protein outside of the 
capsid63. In an unknown mechanism, the motor begins packaging the gp3-DNA, 
possibly through packaging the loop in its entirety, or through gyrase activity that 
has been speculated but never directly observed, allowing the loop to resolve. 
The translocation of the genome into the empty phi29 capsid occurs in a 
complicated, ATP-dependent mechanism. Each translocation cycle can be 
separated into two phases: a ‘burst’ phase in which DNA physically pushes into 
the capsid, and a ‘dwell’ phase in which the motor resets (Figure 1.5). At the 
beginning of the ATP hydrolysis cycle, each subunit of the phi29 pentameric 
motor binds ATP64. Once the ring is fully loaded with ATP, ATP hydrolysis is 
stimulated in a sequential order around the ring48,58,64. During the burst phase, 
DNA is translocated by a total of 10 bp58. By slowing the rate of translocation, 
Bustamante and colleagues showed that the 10bp burst actually consists of four 
discrete 2.5bp substeps58. Thus, the pentameric phi29 motor uses four 
translocation events per cycle, which suggests that not every subunit directly 
translocates DNA per cycle.  
One of the five motor subunits hydrolyzes ATP, but does not translocate 
DNA, and is designated the ‘special’ subunit. The exact role of the special 
subunit is still unclear; however, it is critical for regulating the motor during the 
dwell phase, which occurs in between each of the 10 bp translocation 
increments. It is thought that the special subunit grips DNA during the dwell  
16 
 
 
 
 
 
 
Figure 1.5. The phi29 chemomechanical ATPase cycle. At the end of the 
burst, all subunits are ADP-bound (“D” label). At the beginning of the dwell, the 
motor makes an electrostatic contact with two backbone phosphates (small red 
circles) on the dsDNA substrate (inside the ATPase ring). This unique contact 
determines the identity of the special subunit (yellow label “s”). The formation of 
the electrostatic contact facilitates ADP release by the special subunit. 
Subsequent ATP (“T” label) binding and ADP release events are interlaced, with 
ATP binding to one subunit enabling ADP release from its neighbor. After all five 
subunits have bound ATP, the special subunit hydrolyzes ATP (“D•Pi” label), 
releases Pi, and uses the hydrolysis free-energy to break the electrostatic contact 
with DNA, triggering the burst phase. During the burst, the remaining four ATP-
bound subunits sequentially hydrolyze ATP, release Pi, and translocate DNA by 
2.5 bp. The motor-DNA geometry (10.0 bp burst size versus 10.4 bp dsDNA 
helical pitch) favors a mechanism in which the same subunit is special in 
consecutive cycles. This figure and legend is reprinted with permission from: 
Chistol et al Cell 2012;151(5):1017-28.  
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phase, and releases ADP from its active site, allowing ATP to bind. The arginine 
finger of the special subunit and each subsequent subunit triggers ADP 
exchange for ATP sequentially within the ring, resulting in a fully ATP-loaded 
motor48,58. The DNA-bound special subunit then initiates ATP hydrolysis, 
breaking its contact with DNA, and triggering the burst translocation phase. 
During the four subsequent ATP hydrolysis events, ATP is hydrolyzed and Pi 
released. Pi release induces the conformational change that drives the 
translocation step, packaging 2.5 bp of DNA before handing it to a neighboring 
subunit. Upon the power stroke conformational change, the arginine finger of the 
currently active subunit positions into the neighboring subunit’s active site, 
priming the next subunit for an ATP hydrolysis event. In this way, hydrolysis in 
the next subunit is triggered, and the DNA is processively packaged48.  
During the various packaging steps, DNA needs to undergo multiple ‘grip-
and-release’ cycles. DNA is held by each subunit tightly during the translocation 
sub-steps as well as during the dwell; however, each subunit must relinquish its 
hold on DNA to easily pass off the DNA to a neighboring subunit within the ring. 
DNA is gripped mostly through the 5’-3’ strand, with less contact made with the 
3’-5’ strand and minor contacts with sugars and nucleotide bases65. Upon 
passing to the next subunit during translocation, the DNA undergoes rotation66. 
As sequential hydrolysis and DNA translocation occurs during the packaging 
reaction, translocation step size and DNA rotation per cycle starts to vary. As 
more DNA is encapsulated, the step decreases from 2.5 to 2.3 bp, and the 
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rotation of DNA increases from -14° to -48° per increment. This is in accord with 
increased packaging density within the capsid and subsequent elevated 
backpressure, which the motor must work harder against in order to continue the 
packaging reaction. Recent work has shown that this backpressure can be 
relieved by a temporary pause in packaging, which allows the DNA to relax in the 
capsid67. Because this relaxation time is far longer than the packaging time, this 
result suggests that the fast speed of packaging causes DNA to adopt a 
metastable conformation. These findings illustrate that that motor speed has an 
important role in determining capsid internal pressure and genome dynamics.  
 The structure of the phi29 motor is beginning to come into focus. The 
connector assembly structure was first determined to high resolution by x-ray 
crystallography, along with a low-resolution cryoEM structure of the motor 
actively packaging23. Subsequent cryoEM studies show that the portal undergoes 
large conformational changes in structure upon packaging68 and suggest a 
pentameric arrangement of the pRNA and ATPase components of the motor69. 
The pentameric arrangement has been challenged, with the more commonly 
seen hexameric ATPase arrangement proposed44,45. However, asymmetric 
reconstructions of the phi29 motor structure exhibit a clear five-fold or pseudo-
five-fold arrangement of subunits36,48,54. Over the past decade, high-resolution 
structures of most of the motor components have been determined: a majority of 
the pRNA structure was determined by crystallography and NMR70,71, as well as 
the ATPase domain of the gp16 motor protein36. By docking the high-resolution 
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structures into the cryoEM density, we are nearing a complete picture of the 
phi29 motor36. High-resolution structures of the motor in action are still needed to 
understand the motor’s mechanism in detail. However, the rapidly developing 
field of cryoEM is nearly certain to profoundly impact our understanding of the 
phi29 motor in the future. 
 
Terminase motors 
In comparison to phi29 motors, less is known about terminase motor 
mechanism. Because terminases motors have been studied from multiple phage, 
here I synthesize the results from many model systems, such as phages T4, 
lambda, SPP1, P22, Sf6, and P74-26.  
 
Packaging Initiation 
Terminases initiate genome packaging using a small terminase protein. 
The small terminase (TerS) binds to the viral genome50,72–77 and modifies the 
enzymatic activities of the large terminase protein42,43,49,50,78. During the initial 
stages of DNA packaging, TerS recognizes the concatemeric DNA and presents 
it to TerL, which cuts the DNA to form the termini that is inserted into the 
capsid79. In unit-length genome packaging phage with cohesive ends, this 
cleavage sequence is known as ‘cos’, but in headful packaging terminases, it is 
termed ‘pac’ (see ‘Termination’ section below for description on unit-length and 
headful packaging bacteriophage). Cos sequences are specifically cleaved by 
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the terminase to form complementary ends that ligate and circularize the DNA80. 
Pac sequences, on the other hand, are more variable, and cuts occur loosely 
within a general region of the genome80. In some phages, such as P22, this 
region is quite short (around 22 bases)81, whereas in phages such as Sf6, the 
pac site is up to ~1800 bases long82.  
DNA recognition occurs in the region of the cos or pac signal. In lambda 
phage, a cos site bacteriophage, the DNA recognition component (gpNu1) binds 
to a site termed cosB, which is downstream of the cosN cleavage site 83. In SPP1 
phage, a pac site-containing bacteriophage, the TerS protein has been shown to 
bind two flanking areas of the cleavage site within the pac sequence 77. The pac 
region in the SPP1 genome is intrinsically bent77, which may serve as a feature 
for DNA recognition84.  
Structural studies of TerS proteins have furthered models for binding to 
pac and cos sites. In lambda phage, a NMR structure of the gpNu1 N-terminal 
region presents a dimer with externally facing winged helix-turn-helix motifs, a 
common DNA binding motif73. This was unexpected, as it was unclear how 
opposite-facing motifs would bind DNA. However, with the inclusion of the DNA-
bending host-factor protein IHF, a model was developed in which the lambda cos 
site bends into a hairpin, bringing two regions within the cosB site close together, 
promoting gpNu1 binding73. Further studies of pac site TerS proteins show more 
complicated assemblies49,50,85–87 (Figure 1.6). These complexes are made of 8 to 
11 subunits, all of which form rings with central pores. From first impression, it 
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appears that DNA threads through the center of the TerS pore into the TerL 
motor. However, similar to lambda phage, the N-terminal region of most of these 
proteins forms a DNA binding motif (in this case a helix-turn-helix) that faces 
externally around the ring. In Shigella flexneri phage Sf6, mutations in this 
putative DNA binding domain abrogate or weaken DNA affinity85. Additionally, as 
is the case with Shigella phage Sf6 and Bacillus subtilis phage SF6, the pore of 
the TerS ring is too narrow for DNA binding. These findings, paired with the 
results that certain pac sequences are intrinsically bent, suggest DNA wraps 
around TerS, similar to the way nucleosomes interact with DNA. 
While the wrapping mechanism is the current preferred model for TerS 
DNA binding, there is evidence that it may not be universal. For example, the 
P22 TerS assembly does not exhibit external helix-turn-helix motifs around the 
perimeter of the ring50. In fact, the P22 protein is folded differently from other 
TerS proteins. In P22 TerS, the N-terminal and central regions of the sequence 
form the ring appendages, whereas in other systems the N-terminal region alone 
forms this domain50. Additionally, the pore of the P22 ring is wide enough to 
accommodate DNA binding, and therefore is hypothesized to grip DNA50. While it 
is possible that P22 has evolved divergent mechanisms for binding DNA, it is 
unclear why the overall morphology of the protein is conserved. Thus, there is 
much to learn about the structural features of TerS proteins. 
Beyond the N-terminal region, TerS assemblies generally have a central 
domain, known as an oligomerization domain, and a C-terminal β-barrel domain  
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Figure 1.6. X-ray crystal structures of TerS assemblies. The crystal structures 
of Sf6, P22, SF6, and 44RR (PBD codes: 3HEF, 3P9A, 3ZQQ, and 3TXS). In 
general, TerS proteins have a putative DNA binding domain, also known as a 
helix-turn-helix motif (purple), a central oligomerization (blue), and a C-terminal 
barrel (orange). The 44RR TerS structure is of an N and C terminal truncation 
construct.  
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(Figure 1.6). The oligomerization domain forms the pore of the TerS assembly, 
and as the namesake suggests, contacts neighboring subunits to join the ring 
together. In most phage, this region is ɑ-helical, with some systems exhibiting an 
anti-parallel β-hairpin insertion within the domain50,87. Conversely, the role of the 
C-terminal β-barrel is less clear. Some studies show removing the barrel 
introduces flexible stoichiometry, as formation of the β-barrel may strictly 
constrain the oligomeric state of the ring49,87. Functionally, the C-terminal region 
of the TerS is implicated in binding and regulating large terminase activity49,50,88–
90. It has been seen across multiple systems that TerS affects TerL through 
increasing ATPase activity and inhibiting nuclease activity42,43,49,50,78,91. 
Outside these limited findings, very little is known about the interaction 
between TerS and TerL. The interaction mode of the two proteins is unclear, and 
no atomic resolution structures of the co-complex exist. Additionally, DNA-
binding motifs on the perimeter of the ring obscure the binding mechanism 
between the two complexes, as coaxial stacking of the rings is unlikely. 
Furthermore, not much is known about the extent of TerS’ role in initiation. In 
vivo, TerS is essential for DNA packaging, but in vitro it is dispensable, and in 
some cases inhibitory92–94. Whether TerS plays a transient role in packaging 
initiation by handing DNA to TerL or if it remains bound to the motor throughout 
packaging is unknown.  
 
DNA translocation 
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After initiation, DNA packaging commences. Terminase motors 
translocate DNA at a faster rate than their phi29 counterpart, with the T4 motor 
taking 5 to 10 minutes to package its 171 kb genome95. While terminases are 
faster translocases, they exhibit more variable speed. In vitro, the T4 motor 
translocates DNA at an average rate of 700bp/s, peaking at 2,000bp/s with an 
ATP turnover rate of 300/s95. The terminase of phage lambda peaks at ~600bp/s 
at low capsid density, but this rate drops to ~200bp/s towards the end of 
packaging96. Meanwhile, phi29 packaging peaks at around 165bp/s in vitro, 
making it significantly slower97. Therefore, the motor speed seems to be 
correlated with genome size: faster motors are found in phages with larger 
genomes such that the total packaging time is similar across multiple phages98. 
In comparison to other ASCE ATPases, the T4 large terminase moves along 
DNA considerably quicker than the fastest known helicase RecBCD, which 
unwinds DNA at a rate of ~1 kb/s99,100. However, it is slower than the Ftsk and 
SpoIIIE dsDNA translocases, which move at a rate of 5-17 kb/s and ~4 kb/s 
respectively101–104. 
The speed of the motor coupled with increased forces inside the capsid 
during packaging requires an incredibly powerful ATPase to complete the 
packaging reaction. Fuller et al 200795 estimates that the power density of the T4 
motor is approximately 5,000 kW/m3, which is twice that of a typical automobile 
engine. How terminases generate this tremendous power is one of the central 
questions that has been debated within the field for decades, and several models 
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for terminase mechanism have been proposed to explain this phenomenon (see 
below).  
Terminases are generally composed of an N-terminal ATPase domain and 
a C-terminal nuclease domain. The two domains are connected by a short linker, 
allowing for some degree of flexibility between the two halves of the protein. In 
addition to the ASCE ATPase family features listed in the above section, the 
large terminase ATPase domain contains a subdomain known as the ‘lid 
subdomain’ immediately upstream of the linker. The lid subdomain forms the 
upper portion of the nucleotide binding pocket, and is essential for ATPase 
activity (Figure 1.4)37. In related AAA+ proteins, the lid plays an important role in 
propagating nucleotide-dependent conformational changes to adjacent subunits 
within the ring105,106.  
Although the mechanism of translocation in terminases remains unknown, 
many models have been proposed. Some of these models have been proven 
incorrect. For example, an early hypothesis that the portal ring rotates within the 
capsid to drive translocation107 has been disproven by observations that the 
portal does not rotate during packaging or in the mature virion108,109. Here I will 
examine several of the current leading models in detail. 
 
The “Inchworm” translocation model 
One of the primary models for DNA translocation by terminases is an 
“inchworm” model in which DNA is pulled into the capsid via a spring-like motion 
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(Figure 1.7). This model was originally derived from biochemical and structural 
analysis of the T4 phage large terminase protein, including high-resolution crystal 
structures of the T4-TerL protein, and a low-resolution cryoEM structure of the T4 
procapsid bound to TerL38,41. A modified version of the inchworm hypothesis was 
proposed later from high-resolution crystal structures of Sf6 phage large 
terminase39. In this model, the ATPase domains bind to the capsid and portal 
while the nuclease domains grip DNA in the center of the pore. In the inchworm 
mechanism, a key catalytic residue (Arg162) is repositioned into the active 
conformation from both DNA binding to the nuclease domain and ATP binding to 
the active site in the core ATPase domain (Figures 1.7A and B). This induces 
ATP hydrolysis, which in turn is predicted to rotate the lid (also known as 
subdomain II) by ~6° and move the short flexible linker region between the 
ATPase and nuclease domains by about 3 Å (Figure 1.7C). This conformational 
change is proposed to align a set of ion pairs between the ATPase and the 
nuclease domains, resulting in a stronger electrostatic attractive force between 
the two domains. The electrostatic interactions pull the domains towards each 
other, and this ‘relaxed’ to ‘tensed’ conformational change translocates 2 base 
pairs of DNA upward into the capsid. During the reset phase of translocation, 
ADP and/or Pi release from the active site reorganizes the terminase subunit 
back into the relaxed state via the loss of negative charges from ADP and Pi 
release (Figure 1.7D). ATPase subdomain II rotates back, attenuating the 
electrostatic force between the ATPase and nuclease domains. The nuclease  
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Figure 1.7. Proposed ‘inchworm’ model for the mechanism of DNA 
translocation by the large terminase. Panels (A)–(D) relate to the sequence of 
events that occur in a single large terminase molecule. The large terminase N-
terminal subdomain I, subdomain II, and C-terminal domain are represented as 
green, yellow, and cyan ovals, respectively. The five-pointed stars show the 
charge interactions between the N-terminal subdomain I and the C-terminal 
domain. The four-pointed stars show the charge interaction between the N-
terminal subdomain II and the C-terminal domain. The flexible linker between N- 
and C-terminal domain is represented by a wiggly cyan line. (A) The large 
terminase C-terminal domain is ready to bind DNA.(B) The C-terminal domain, 
when bound to the DNA, brings the DNA closer to the N-terminal domain of the 
same subunit. Conformational change in the N-terminal domain causes Arg162 
to be placed into the ATPase active center in preparation for hydrolysis.(C) 
Hydrolysis of ATP has rotated the N-terminal subdomain II by about 6°, thereby 
aligning the charge pairs resulting in an electrostatic attraction that moves the C-
terminal domain and the DNA 6.8 Å (equivalent to the distance between two 
base pairs) closer to the N-terminal domain and into the capsid. (D) ADP and Pi 
are released and the C-terminal domain returns to its original position. DNA is 
released and is aligned to bind the C-terminal domain of the neighboring subunit. 
This figure  and legend is adapted with permission from: Sun et al Cell 
2008;135(7):1251-62. 
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domain releases its grip on DNA, which is presumably passed to a neighboring 
subunit preceding or during the release of ADP and/or Pi. 
While this model paints a comprehensive picture of the terminase 
packaging reaction, the proposed mechanism does not explain several 
observations. First, previous studies found the motor binds the portal in the 
reverse orientation, with the nuclease domains contacting the portal rather than 
the ATPase domains110–113. Second, with the ATPase domains splayed radially 
from each other and bound to portal, the trans-activation mechanism required for 
ringed ASCE ATPase activity cannot occur. Third, the regions predicted to 
mediate interactions with DNA show particularly low conservation and are only 
found in T4-like phage. Finally, the observed conformational changes do not fully 
explain DNA translocation. The small changes in conformation do not match a ~2 
bp step size that has been predicted for terminases114. No significant 
conformational changes were observed in the structures of T4-TerL. This may be 
due to crystal contacts within the active site or the mutation of Walker B motif in 
the crystallization constructs. Moreover, there is a discrepancy in the Sf6 
structures wherein the ATPγS structure, which should be locked in a ‘ATP-like 
state’ is identical to the ADP-bound and apo states39. This may be due to the fact 
that the Sf6 TerL was crystallized in the apo state, and then nucleotide ligands 
were soaked into the pre-assembled crystals. In many cases, the crystal lattice in 
the apo state does not allow for a ligand-induced conformational change in 
soaked crystals115.  
29 
 
 
 
The “Lever” translocation model 
Another model for viral motor DNA translocation is the lever model (Figure 
1.8). My work with ATPase motors has contributed to developing this model, 
which is further described in Chapter II. In this model, a lever-like conformational 
change in the ATPase domain driven by ATP hydrolysis forms the power stroke 
of DNA translocation. In contrast to the aforementioned “inchworm” model, the 
“lever” model positions the ATPase domains as the central hub of the ring, while 
the nuclease domains protrude radially and attach to portal and capsid. Evidence 
of this assembly model comes from several crystal structures, molecular docking, 
and various biochemical analysis to determine the critical residues for motor 
function37. 
The identification of a trans-acting arginine finger was a critical step in 
developing the lever model. Identifying this residue led to reinterpretation of the  
“inchworm" structural model in which the ATPase domains do not contact 
neighboring subunits. The “lever” model places the ATPase domains into a ring 
to facilitate trans-activated ATP hydrolysis, placing the nuclease domains in 
contact with portal. Further unbiased pentamer docking experiments of a 
monomeric crystal structure of the P74-26 ATPase domain positions the 
predicted arginine fingers precisely for trans-activated ATP hydrolysis, providing 
a second layer of evidence for the inverted structural model. Interestingly, the 
pentameric model also fits well into the T4 packaging motor electron density 
map, indicating its potential biological relevance. 
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Figure 1.8. Proposed ‘lever’ model for the mechanism of DNA translocation 
by the large terminase. (A) Large terminase ring is shown. The nuclease 
domains interact with the portal complex (translucent gray rectangle) and 
possibly the procapsid (black curve). DNA is not shown but interacts with the 
large terminase through the DNA interaction motif. Each subunit’s lid is bound 
tightly to the Rossmann fold of the adjacent subunit. (B) Upon ATP hydrolysis 
and release by the magenta subunit, the lid stays bound to the blue subunit and 
the Rossmann fold rotates 13° upward. To allow for this movement, the adjacent 
red subunit must also move in concert with the magenta subunit. To represent 
that the second site of symmetry breaking is unknown, the other three ATPase 
domains are faded. After hydrolyzing ATP, the magenta subunit releases DNA to 
the red subunit to translocate DNA upward through the pore; into the pore of the 
portal complex; and, ultimately, inside the procapsid. The release of DNA at each 
cycle by the ATP-hydrolyzing subunit allows for unidirectional DNA translocation. 
This figure and legend is reprinted with permission from: Hilbert et al Proc Natl 
Acad Sci USA 2015;112(29):E3792-9.  
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Furthermore, the pore of the pentameric docked model is lined with 
several conserved basic residues, indicating a role in DNA binding. Mutating 
these residues abrogates TerL binding to DNA116. Interestingly, mutation of 
residues in the nuclease domain has no substantial effect on DNA binding 
affinity. In fact, the TerL ATPase domain can bind DNA with nearly the same 
affinity as full-length TerL116,117. Assimilating these findings with the structural 
model yields a mechanistic model where the ATPase domains grip and 
translocate DNA in the central pore of the ring, while the nuclease domains bind 
to the portal and do not interact with the DNA during packaging (Figure 1.8A). 
The lever model predicts that DNA is translocated by a lever-like motion of 
the ATPase domain while gripping to DNA37. These motions were identified by 
comparing crystal structures of P74-26 phage TerL, which shows significant 
conformational changes in the apo state or bound to a non-hydrolyzable ATP 
analog. Comparing the apo and ATP analog bound states, the lid subdomain 
undergoes a 13° rigid-body rotation. Because modeling and mutational analysis 
suggests that the lid subdomain forms the primary interaction surface between 
adjacent ATPase domains, this rotation has a substantial effect on the 
conformation of the ring. With the lid subdomain stabilized through neighboring 
contacts, the 13° rotation is transmitted to the Rossmann fold, which is the large 
domain of the ATPase module. This results in a lever-like movement of the 
ATPase domain (Figure 1.8B). This movement is calculated to shift the DNA 
binding region 8 Å upward towards the capsid and rotate DNA an estimated 2.3°. 
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This is very similar to the 2.5 bp DNA translocation step measured in phi29 
motors58,66. It is predicted that upon either Pi or ADP release, the gripping subunit 
loses affinity for DNA and passes it off to the adjacent subunit. The adjacent 
subunit will now grip DNA tightly because it is in an ATP-bound state, which has 
been shown to have the highest affinity for DNA37,116. This handoff would then 
allow the subunit that hydrolyzed ATP to release ADP and Pi so that it can bind 
ATP, thereby resetting for the next cycle. By acting in concert with two subunits 
simultaneously, the DNA can be translocated efficiently. Moreover, the motor 
produces very high force because the lever arm (the entire Rossmann fold) is 
quite long.  
 
The DNA “crunching” or “compression” translocation model 
 A third DNA packaging model is the DNA “crunching” or “compression” 
model (Figure 1.9). In this mechanistic model, the motor uses ‘torsion’ caused by 
DNA compression inside the terminase assembly to propel DNA into the 
capsid118. In other words, the DNA itself plays an active role in the force 
generation process. Specifically, with the motor attached to portal and DNA 
bound in the center, both portal and the terminase subunits grip the DNA and 
hydrolyze ATP (Figure 1.9A). ATP catalysis leads to a brief DNA compression 
which disrupts the B-form DNA structure, transiently adopting A-form DNA in 
what is referred to as a “crunched” state (Figure 1.9B)28,112,118–120. The return of 
this compressed state into the B-form state is assumed to cause the DNA  
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Figure 1.9. Phage DNA packaging via a torsional compression mechanism. 
(A) A fully assembled packaging complex is shown, with the empty prohead (red) 
carrying the portal ring (blue) shown at one vertex, and the DNA duplex drawn in 
black. Only two subunits of the large terminase (orange) are shown for clarity. 
The terminase subunits are sketched with a minor lobe, representing a flexible 
region that undergoes a conformational change (black dashed arrow) coupled 
with ATP binding and hydrolysis (white solid arrow). The exact steps and 
temporal order by which the binding and hydrolysis of ATP is coupled to 
movement of the large terminase during the reaction cycle is not specified. (B) 
Directed linear motion of the flexible arm of the large terminase subunit engages 
the DNA substrate and translocates this towards the prohead. This movement 
coupled with interaction of the DNA with the portal region causes induced 
changes to the helical pitch and temporarily stores energy. (C) The stored energy 
is released by translocation into the prohead (green arrow), restoring the B-form 
helical repeat. This figure and legend is adapted with permission from: Oram et al 
J Mol Biol. 2008; 381(1): 61–72.  
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translocation power stroke during the packaging cycle (Figure 1.9C). Evidence 
for this mechanism lies in several observations. A FRET experiment using a 
double-labeled fluorescent Y-DNA designed to stall the T4 packaging motor 
estimated 22-24% DNA compression within the terminase motor when packaging 
was stalled118. Additionally, subsequent packaging experiments using an 
intercalating dye, YOYO-1, showed dye release from the DNA during the 
packaging reaction. This observation is attributed to DNA compression inside the 
motor, as covalently attached DNA-binding labels are more readily 
packaged112,118. Observations that the motor does not readily package RNA-DNA 
hybrids also suggest this mechanism, as RNA-DNA hybrid complexes assume a 
mostly A-form structure and therefore are not compressible, preventing the 
scrunched to relaxed transition from driving the translocation power-stroke121. 
Two slightly different variants on the scrunching model have been proposed, with 
one model hypothesizing that the scrunching occurs within the terminase central 
pore112, while the other model hypothesizing that the compression occurs within 
the portal channel28,120. I note that the compression model is not mutually 
exclusive with either of the two other models discussed here; it is possible that 
force generation is through a combination of the compression model and either 
the inchworm or lever models.  
 
Packaging Termination 
 
 Phi29 and related bacteriophages replicate their genome as monomers 
rather than concatemers as most phages do. Thus, packaging is terminated 
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when the entirety of the DNA strand is packaged and no DNA cleavage is 
required. A 16 Å resolution cryoEM structure of a mature phi29 viral particle 
shows the DNA packaged inside the prohead with density in the channel of the 
connector and within the tailtube, both of which were assigned to the right-end 
gp368. A second cryoEM structure of fiberless phi29 particles at 7.8 Å resolution 
confirmed the presence of gp3 within the tailtube, indicating that the right-end 
gp3 does not get fully packaged, while the connector-tailtube channel contains 
DNA bent in a toroid-like structure122. This novel 60 Å-in-diameter highly-bent 
DNA structure appears to be the result of DNA under extreme pressure. While 
the function of the toroid structure is unknown, the authors speculate it plays a 
role in holding the DNA inside the tail during infection. Further studies are 
necessary to explore this idea. 
Terminases package concatemeric genomes and therefore must cut the 
DNA at the end of packaging. For viruses in this class, the genomes are typically 
synthesized by rolling circle DNA replication, resulting in multiple copies of the 
genome linked in a series (i.e. concatemers). Packaging is accomplished in one 
of two ways. In the first mechanism, typified by the lambda phage, the terminase 
cuts a specific site in the genome, resulting in exactly one genome length being 
packaged into the head (referred to here as ‘unit-length packaging’). In the 
second mechanism (known as ‘headful packaging’), the volume of packaged 
DNA triggers the nuclease cleavage mechanism, rather than a specific DNA 
sequence. The result of a headful packaging mechanism is that each capsid is 
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filled with slightly more than one genome of DNA, creating terminally redundant 
ends that can be circularly permuted123,124.  
For ‘unit-length’ bacteriophage such as lambda phage, the motor nuclease 
domain cuts at a specific sequence, known as cosN in lambda phage. Nicks are 
made on either side of the DNA strand, leaving a 5’ twelve nucleotide 
overhang125. For the initial cleavage event, a complex with the small terminase 
protein (gpNu1) and the E. coli protein Integration Host Factor (IHF) increase 
specificity and affinity for the large terminase to the cosN site. IHF bends the 
DNA nearly 180°126,127, positioning two gpNu1 binding sites adjacent to each and 
presumably facilitating gpNu1 DNA binding, which in turn promotes large 
terminase nicking at cosN73,83,128. During termination, an upstream site, cosQ, 
and a downstream site, I2, are necessary for accurate nicking. Mutations in cosQ 
lead to loss of cleavage at the cosN site, causing aberrant termination129. It is 
proposed that cosQ plays a role in properly positioning the terminase/nuclease 
domains for antiparallel DNA cleavage at the cosN site, and that the volume of 
packaged DNA may trigger its recognition130.  
In comparison to ‘unit-length’ packaging bacteriophage, ‘headful’ 
bacteriophage do not terminate packaging at specific DNA sequences; instead, 
termination is determined by the volume of the head131–133. Because headful 
phages generally package slightly more than one genome into the capsid, the 
genome is terminally redundant for circular permutation80,123. This process can 
result in the phenomenon of generalized transduction, in which phages can carry 
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segments of bacterial genome from one cell to another134. There are several 
strategies for headful packaging. For example, phage P22 cleaves after ~2-10% 
of the next genome in the concatemer, which results in the next packaging cycle 
starting with a region downstream from the initial packaging recognition 
sequence124,131. Other cleavage strategies are seen across different phage, 
suggesting that termination (and initiation) are controlled idiosyncratically by 
different phage80. 
Headful terminases must trigger nuclease activity through a mechanism 
that senses how full the capsid is124. One hypothesis for how this is 
accomplished relies on the conformational state of the portal protein. In a recent 
study of the P22 portal ring, the authors found that during packaging the portal 
adopts an asymmetric assembly that binds tightly to the terminase motor (it is of 
note that the discovery of this asymmetric state also addressed how a 
pentameric motor could bind a dodecameric portal, a question that has eluded 
the field for several decades)19. However, once the head nears complete 
fullness, DNA binds around the capsid-enclosed portion of portal19,135. DNA 
binding in this region triggers the asymmetric portal assembly to adopt a 
symmetric ring, thus losing affinity for the pentameric motor and presumably 
discharging it from the capsid head19. After portal releases the motor, the motor 
nuclease domains cleave DNA, severing the packaged DNA from the rest of the 
concatemer, and terminating the packaging reaction. 
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Headful packaging mechanisms necessitate strict control to prevent 
premature cleavage of DNA. The small terminase subunit may play a regulatory 
role in this process, as it suppresses large terminase nuclease activity (while 
increasing ATPase activity)43,49. How this mechanism works is unclear, and the 
role of the small terminase during DNA translocation has yet to be fully resolved.  
One model of DNA cleavage relies on separate DNA ‘binding’ and 
‘cleavage’ interfaces of the nuclease domain. Terminases have nuclease 
domains of the RuvC/RNase-H family that use three acidic active site residues to 
coordinate two divalent metals (either Mg2+ or Mn2+) to catalyze the cleavage 
reaction39–41,116,136–139. Crystal structures of the T4 nuclease domain show a 
patch of basic residues far from the active site that are presumed to make 
electrostatic contacts with the DNA backbone during ‘translocation mode’41. Once 
endonuclease activity is triggered, the DNA is transferred through an unknown 
mechanism to the nuclease active site for cleavage. This putative DNA 
translocation interface is proposed to regulate the endonuclease activity by 
holding DNA away from the active site during translocation. However, it was later 
noted that no positively charged residues from this region are conserved 
throughout other bacteriophage nuclease domains41,137, and that the nuclease 
domain has very poor affinity for DNA116. 
Further structural studies attempt to explain nuclease regulation through 
nuclease domain conformational changes. Analysis of the SPP1 bacteriophage 
nuclease domain crystal structure predicts that a conserved extended β-hairpin 
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clashes with DNA bound in an RNase-H-like conformation, and that the loop 
must reorient upon DNA binding137. Heterogeneity of loop positioning in different 
bacteriophage species and normal mode analysis calculations support this idea, 
suggesting that loop flexibility may limit active site accessibility for DNA, and thus 
acts as a nuclease regulation mechanism137. Later studies using thermophilic 
terminases suggest that movement of this loop is not required if the terminase 
uses a different DNA binding mode116,136. It was suggested that the nuclease 
domain cleaves DNA in a fashion similar to the thermophilic RuvC resolvase 
rather than RNaseH140. In this model, the β-hairpin and residues surrounding the 
active site cradle DNA within a groove, positioning it in a desirable conformation 
for cleavage116,136. 
Another suggested mechanism of cleavage regulation is that DNA 
packaging occurs too quickly for nucleolytic activity to take place117,130. While this 
is possible, extended motor stalls for extended time periods (seconds to hours) 
do not result in DNA cleavage, indicating this ‘kinetic competition’ model is not a 
primary mechanism for nuclease regulation95,96,111,118,141. 
Recently, the ‘steric hindrance model’ was proposed to explain regulation 
of terminase nucleolytic activity (Figure 1.10). In this mechanism, the nuclease 
domains bind to portal and capsid during packaging, preventing the nuclease 
active site from engaging with DNA116. Evidence suggests that the ATPase 
domains are solely responsible for gripping DNA, while the nuclease domains 
have no measurable affinity, supporting this arrangement. After ejection from  
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Figure 1.10. Proposed ‘steric hindrance’ model for nuclease regulation. 
During ‘translocation mode’ the nuclease domain active site is sequestered from 
DNA by interactions of the large terminase with portal and capsid, preventing 
premature cleavage. The ATPase domain serves as the sole surface for gripping 
DNA during packaging. Upon completion of packaging the large terminase enters 
‘cleavage mode’. The large terminase loosens its attachment to the portal and 
capsid, releasing the inhibition of the nuclease domains. The ATPase domains 
remain tightly bound to DNA. The nuclease domains rearrange to cleave each of 
the antiparallel DNA strands. Although depicted as a blunt cut, cleavage could 
also leave overhangs depending on how both nuclease domains engage DNA. 
This figure and legend is reprinted with permission from: Hilbert et al Nucleic 
Acids Res 2012;45(6):3591-3605. 
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portal, two nuclease domains bind and cleave DNA in an antiparallel 
arrangement, forming a double-stranded break. This rearrangement of the 
nuclease domains is made possible by a flexible linker connecting to the ATPase 
domain, allowing the nuclease domains to adopt the correct orientation for DNA 
cleavage37,39,41,116,138,142.  
Once packaging is finished, the motor is replaced with the virus neck and 
tail. In most phage, the neck proteins are either hexameric or dodecameric, 
matching the 12-fold symmetry of the portal17,143,144. The neck proteins assemble 
on portal, connecting portal and the capsid to the pre-assembled bacteriophage 
tail145. Bacteriophage tails are diverse and used for phage classification. In tailed-
bacteriophage (otherwise known as caudovirales) there are three distinct 
classes: myoviridae, podoviridae, and siphoviridae146. Myoviridae have long 
contractile tails, while podoviridae have short non-contractile tails, and 
siphoviridae have long non-contractile tails. All three of these tail-types are 
hollow, and DNA is ejected through them during infection. Once tail and 
appendage assembly is complete, the viruses reach full maturity . 
It is not clear how the DNA does not get prematurely released during the 
exchange of motor for tail. Various mechanisms for maintaining the pressurized 
DNA have been proposed. For example, the portal could act as a one-way 
valve25,26. Additionally, the conformation of the DNA itself may help maintain 
packaged genome. Cryo-electron microscopy studies show the DNA tightly 
spooled in the capsid, typically with the central axis of the spool coincident with 
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the long axis of the tail17,122,135,147–149. The arrangement of DNA appears to be 
most homogenous at the periphery of the shell where the genome contacts the 
capsid directly, with the ‘layers’ of DNA becoming progressively more 
heterogeneous towards the center. DNA is often found to be ordered in the portal 
complex and even within the tail, as if it were locked down but poised for ejection. 
Typically, the DNA sequence that enters the head first is the last to leave the 
head upon infection, suggesting a simple unidirectional model for spooling of 
DNA in the head150 (T4-like phage are an exception; the first sequence in during 
packaging is the first sequence out during infection151). Moreover, there are often 
proteins that also reside in or nearby this channel that are ejected soon after 
infection152,153; these ‘ejection proteins’ presumably play an important role in early 
stages of infection, including the process of crossing the periplasm154. It remains 
a mystery whether these proteins hold DNA in the capsid until infection or the 
motor plays a role in packaging these ejection proteins inside the capsid. 
 
Scope of thesis research 
 During my dissertation, my focus has been the mechanisms of DNA 
translocation and recognition in viral packaging motors. In Chapter II, I present 
my work with the large terminase protein of the thermophilic bacteriophage P74-
26. With the help of a previous postdoctoral researcher, I crystallized the TerL 
ATPase domain, which guided numerous motor characterization experiments. I 
identified critical residues for ATP hydrolysis, assembly, and DNA binding, all of 
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which was synthesized with molecular docking and SAXS experiments to form a 
model for pentameric motor assembly. With this structural model and 
experimental data, we formed the “lever” mechanistic model for how the motor 
grips and translocates DNA. These findings were novel, as they contributed new 
models for motor mechanism and regulation to the field.  
 In Chapter III, I describe my work establishing the TerS protein of P74-26 
as a system for studying small terminases. For this project, we identified a 
putative TerS gene in the P74-26 genome. I developed the purification protocol 
for the putative TerS protein and characterized the complex. I showed that the 
complex forms a nonameric assembly, binds DNA, and regulates TerL activity, 
thus verifying the protein as a small terminase. I also determined symmetric and 
asymmetric cryoEM reconstructions of the TerS ring to 3.8 Å and 4.8 Å resolution 
respectively. With these structures, I hypothesize that the C-terminal β-barrel is 
not conserved throughout all TerS proteins, and thus the binding and regulation 
of TerL is not dependent on it in P74-26 TerS. Additionally, I observe that the 
proposed ‘DNA binding’ helix-turn-helix motifs are arraigned in a different 
conformation than known TerS structures, indicating that P74-26 TerS likely uses 
a different DNA binding mechanism. 
 
Portions of this chapter are under review as a section in the 4th Edition of the 
Encyclopedia of Virology (Elsevier). 
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CHAPTER II 
  
  
Structure and mechanism of the 
ATPase that powers viral genome 
packaging 
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Abstract 
 
Many viruses package their genomes into procapsids using an ATPase 
machine that is among the most powerful known biological motors. However, 
how this motor couples ATP hydrolysis to DNA translocation is still unknown. 
Here, we introduce a model system with unique properties for studying motor 
structure and mechanism. We describe crystal structures of the packaging motor 
ATPase domain that exhibit nucleotide-dependent conformational changes 
involving a large rotation of an entire subdomain. We also identify the arginine 
finger residue that catalyzes ATP hydrolysis in a neighboring motor subunit, 
illustrating that previous models for motor structure need revision. Our findings 
allow us to derive a structural model for the motor ring, which we validate using 
small-angle X-ray scattering and comparisons with previously published data. We 
illustrate the model’s predictive power by identifying the motor’s DNA-binding and 
assembly motifs. Finally, we integrate our results to propose a mechanistic model 
for DNA translocation by this molecular machine. 
Introduction 
Double-stranded DNA (dsDNA) viruses ranging from bacteriophages to 
the human pathogens of the herpesvirus family form infectious virions by 
packaging their genomes into preformed procapsids using a powerful ATPase 
machine155. The viral genome packaging motor is a multicomponent molecular 
machine that must complete several tasks in sequential order, the foremost of 
which is the ATP-dependent pumping of viral DNA into the procapsid (Figure 
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2.1A). Because the DNA progresses from a flexible state to a semi-crystalline 
state as it fills the capsid interior, the motor pumps against a tremendous force. 
The pressures inside the filled capsid are estimated to reach 60–70 atm56,156, 
equivalent to 10-fold higher than a bottle of champagne. Thus, the viral 
packaging motor represents one of the most powerful biological motors 
known56,95. 
The central component of the packaging motor is the ATPase subunit, 
which drives DNA translocation. The ATPase subunit is a member of the 
additional strand, conserved glutamate (ASCE) superfamily of ATPases34,35. In 
herpesviruses, as well as many bacteriophages, this ATPase is from a specific 
clade of the ASCE family called the terminase family35,155. In viruses that use a 
terminase-type motor for genome packaging, the motor consists of several 
proteins that assemble into homomeric rings79 (Figure 2.1A). The large terminase 
(TerL) protein harbors the motor’s two enzymatic activities79: the ATPase activity 
that pumps DNA into the capsid and an endonuclease domain that cleaves 
packaged DNA from the remaining concatemeric DNA when the capsid is full. 
Cryo-electron microscopy (cryo-EM) studies indicate that a pentamer of TerL 
subunits attaches to the capsid by binding to a dodecameric assembly called 
portal41. However, there are conflicting reports as to the orientation of TerL 
relative to portal during packaging 41,113,157. 
A structural model for the bacteriophage T4 TerL ring has been previously 
proposed41 with these salient features: (i) the nuclease domains assemble to  
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Figure 2.1. Genome packaging in bacteriophage and TerL constructs. (A) 
Maturation of dsDNA viruses is a five-step process: (1) the small terminase 
(TerS) subunit of the motor recognizes the concatemeric viral genome; (2) the 
motor binds to the portal complex on the capsid; (3) TerL hydrolyzes ATP to 
translocate DNA into the capsid; (4) after the genome is translocated into the 
capsid, TerL switches its enzymatic activity from translocation to DNA cleavage; 
and (5) the motor is finally released for maturation of another virus while portal 
binds to the tail proteins to complete a mature, infectious virion. (B) TerL 
constructs used in this study. Full-length P74-26 TerL is produced with an N-
terminal T7-gp10 expression tag that is removed by prescission protease (PP) 
cleavage. The C-terminal His10 tag is noncleavable. 
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constitute the ring distal to the capsid, with the ATPase domains protruding 
radially to interact with portal; (ii) consequently, it was proposed that the active 
site residues that catalyze ATP hydrolysis are derived from one subunit 
exclusively; (iii) the pore of the ring has a net negative charge and is largely 
unconserved; and (iv) DNA was proposed to be bound primarily by the nuclease 
domain. This model is substantially different from models observed for other 
nucleic acid translocases of the ASCE family, in which the pore is largely 
conserved and positively charged, and ATP hydrolysis is catalyzed in trans105,158–
161. Resolving these disparities between the proposed assembly and conserved 
features of the ASCE family is necessary to understand the molecular 
mechanisms of motor action. 
Several issues have prevented elucidation of the terminase mechanism. 
First, the TerL proteins that have been studied in vitro thus far fail to form rings in 
isolation42,43,78,162. Second, crystal structures of the TerL proteins from 
bacteriophages Sf6 and T438,39 (gp2 and gp17, respectively; hereafter known as 
Sf6 TerL and T4 TerL) do not show ATP-dependent conformational changes 
sufficient to power DNA translocation. Consequently, the structural mechanism 
coupling ATP hydrolysis to DNA translocation remains nebulous. Structural 
analysis of the WT TerL ATPase domain in different nucleotide states will be 
necessary to address this issue. 
To answer these critical questions, we used a novel model system for 
understanding motor function. Because packaging motor ATPases are often 
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insoluble55,163,164, we first sought a packaging motor system that is highly soluble 
and forms rings in isolation to enable mechanistic analyses in a simplified 
system. We anticipated that TerL from a thermophilic phage would have higher 
stability, solubility, and propensity to form a pentamer. Moreover, we expected 
that the features necessary for DNA translocation would be more exaggerated in 
a thermophilic motor because packaging is expected to be more difficult at high 
temperature due to the increased entropic penalty of ordering DNA within the 
capsid156. 
Here, we describe the TerL protein from the phage P74-26 (hereafter 
known as P74-26 TerL), a thermophilic siphovirus that infects Thermus 
thermophilus165. We show that the P74-26 TerL assembles into a pentamer that 
has ATPase and DNA-binding activity. We report the structure of the P74-26 
TerL ATPase domain in both the apo and ADP•BeF3-bound states, and observe 
a large conformational change in a subdomain in response to ATP hydrolysis and 
release. We also show that ATP hydrolysis is catalyzed by a conserved arginine 
finger residue that is provided in trans by a neighboring TerL subunit. Finally, a 
combination of biochemical, biophysical, structural, and computational data is 
used to build a structural model for the TerL ring and a mechanistic model for 
how ATP hydrolysis results in translocation of DNA. 
 
Materials and Methods 
Cloning 
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The gene for P74-26 TerL was synthesized with codon optimization for 
expression in E. coli by Genscript Corporation. This gene was cloned into the 
BamHI and XhoI sites of a modified pET24a vector with an N-terminal T7-gp10 
expression tag and prescission protease cut site, and a C-terminal noncleavable 
His10 tag106. Site-directed mutagenesis was performed using a mutagenesis 
protocol similar to QuikChange166. Enzymes were purchased from New England 
BioLabs. Oligonucleotides were obtained from IDT. The ATPase domain was 
constructed by deleting the codons encoding the C-terminal 229 residues using 
the aforementioned mutagenesis protocol166. This deletion site was chosen 
based on limited proteolysis and bioinformatic analysis (data not shown). 
 
Expression and Purification of P74-26 TerL 
All proteins were expressed in E. coli BLR-DE3 cells containing the pET24a-P74-
26-TerL plasmid. Bacterial cultures were grown in Terrific Broth (Research 
Products International) supplemented with 30 μg/μL kanamycin at 37 °C until an 
OD600 of 0.7 was reached. Cells were then placed at 4 °C for 20 min, after 
which overnight expression at 18 °C was induced by the addition of isopropyl-β-
D-thiogalactopyranoside to 1 mM. Cells were pelleted by centrifugation and 
resuspended in buffer A [500 mM NaCl, 20 mM imidazole, 50 mM Tris (pH 8.5), 5 
mM β-Mercaptoethanol (βME), 10% (vol/vol) glycerol] before being flash-frozen 
in liquid nitrogen for storage. BLR-DE3 cells with SeMet-labeled ATPase domain 
(residues 1–256) were grown in minimal media. When cultures reached an 
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OD600 of 0.5, they were supplemented with amino acids, except for Met, and 
grown to an OD600 of 0.8. Cultures were then supplemented with SeMet. 
Induction and harvesting were performed as above. 
For full-length constructs, thawed cells were lysed in a cell disruptor and 
pelleted to clear the lysate. Lysate was loaded onto a 10-mL centrifuge spin-
column (Thermo Scientific) containing Ni-affinity beads (Thermo Scientific) pre-
equilibrated with buffer A. Protein was eluted with buffer B [500 mM NaCl, 500 
mM imidazole, 50 mM Tris (pH 8.5), 5 mM βME, 10% (vol/vol) glycerol] and 
dialyzed overnight at room temperature into buffer QA [25 mM Tris (pH 8.5), 125 
mM NaCl, 2 mM DTT, 10% (vol/vol) glycerol]. Before dialysis, prescission 
protease was mixed with eluate to cleave the T7 expression tag. The sample was 
then loaded onto spin-columns containing Q resin (GE Healthcare) pre-
equilibrated with buffer QA. After protein loading, the Q resin was washed with 
buffer QA and contaminants were eluted with buffer QA1 [25 mM Tris (pH 8.5), 
200 mM NaCl, 2 mM DTT, 10% (vol/vol) glycerol]. Protein was eluted with buffer 
QB [25 mM Tris (pH 8.5), 450 mM NaCl, 2 mM DTT, 10% (vol/vol) glycerol] and 
dialyzed overnight at room temperature into buffer QA before concentrating. 
For purification of the TerL-ATPase domain, cells were lysed and pelleted 
as above. After pelleting, all purification steps proceeded at room temperature. 
Lysate was loaded onto a pre-equilibrated 5-mL His-Trap column (GE 
Healthcare). The column was washed with buffer A and eluted with buffer B. 
Eluate was diluted four-fold with buffer A, and prescission protease was added. 
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The protein was dialyzed overnight in buffer QA. The protein was then filtered 
and flowed over a 5-mL HiTrap Q-HP column (GE Healthcare) pre-equilibrated in 
buffer QA. The flow-through was collected, concentrated, and flash-frozen. 
 
Coupled Enzyme ATPase Assays 
Coupled enzyme assays were performed at room temperature 167 using the 
following concentrations (unless otherwise noted): 6 U/mL pyruvate kinase, 6 
U/mL lactate dehydrogenase, 1 mM phosphoenolpyruvate, 340 μM NADH, 50 
mM Tris (pH 7.5), 500 μM Tris(2-carboxyethyl)phosphine, 100 mM potassium 
chloride, 5 mM magnesium chloride, 1 mM ATP, and 0.5 μM TerL. Absorbance 
was measured in a 96-well format with a Perkin–Elmer Victor3 1420 multichannel 
counter using an excitation filter centered at 355 nm, with a bandpass of 40 nm. 
In this assay, every NADH oxidized to NAD+ corresponds to one ATP 
hydrolyzed. To convert the measured absorbance directly to ATP concentration, 
we performed a standard curve so as to measure the NADH extinction coefficient 
directly under our experimental conditions. 
To understand how TerL concentration affects ATPase activity, we 
measured ATPase activity over a wide concentration range of TerL. The rise in 
ATPase rate is slow and nonlinear at low TerL concentrations, but it increases 
linearly at higher concentrations (Figure 2.2D). The nonlinear activity at low TerL 
concentrations is not due to the limits of our assay, because we are able to 
measure ATPase rates reliably below the rate observed here using a different 
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ATPase. The slow increase in ATPase rate at low concentration is most likely 
due to assembly of a TerL pentamer. It is noteworthy that the gp16 ATPase from 
the packaging motor of the phi29 phage shows a similar nonlinear increase in 
ATPase rate168, suggesting that an assembly of the ATPase subunits may be a 
necessary step in full ATPase activity for other viral motors. Regardless, the 
experiments that follow were performed at a concentration of TerL (0.5–1 μM) 
that is well within the linear range. Data comparing the rate of ATP hydrolysis to 
[ATP•MgCl2] were fit using the Hill equation: v = Vmax * [ATP•MgCl2]n/(Khalf-maximaln 
+ [ATP•MgCl2]n), where Vmax is the maximum rate, n is the Hill coefficient, and 
Khalf-maximal is the substrate concentration that yields half-maximal activity. 
 
DNA-Binding Assays 
Full-length WT (0.13 nmol) or mutant P74-26 TerL (0.13 nmol) was incubated 
with 125 ng of 100-bp ladder (New England BioLabs) for 30 min at room 
temperature in apo, ADP, ADP•BeF3, or ATP buffer as indicated. Apo buffer was 
composed of 50 mM Tris (pH 7.5), 150 mM KCl, and 1 mM DTT. ADP buffer was 
composed of 50 mM Tris (pH 7.5), 150 mM KCl, 1 mM DTT, 1 mM ADP, and 10 
mM MgCl2. ADP•BeF3 buffer was composed of 50 mM Tris (pH 7.5), 150 mM 
KCl, 1 mM DTT, 1 mM ADP, 10 mM NaF, 4 mM BeCl2, and 10 mM MgCl2. ATP 
buffer was composed of 50 mM Tris (pH 7.5), 150 mM KCl, 1 mM DTT, 1 mM 
ATP, and 10 mM MgCl2. Samples were then loaded onto a 1.5% (wt/vol) agarose 
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gel with a 1:14,000 dilution of GelRed dye (Phenix Research) and run at 80 V for 
∼2 h. 
Crystallization 
SeMet-labeled, apo, and ADP•BeF3 -bound P74-26 TerL ATPase domain were 
crystallized with the hanging drop vapor diffusion method. Drops were set with 
final protein concentrations of 3–8 mg/mL apo, SeMet-labeled, and ADP•BeF3-
bound samples were premixed with 10 mM magnesium chloride and 10 mM DTT 
before crystallization. The R139A variant was premixed only with DTT. 
ADP•BeF3 crystals were premixed with 2 mM ADP, 10 mM sodium fluoride, and 
4 mM beryllium fluoride. ADP (2 mM) was premixed with SeMet-labeled protein. 
SeMet-labeled crystals formed in 0.9 M ammonium sulfate and 0.1 M trisodium 
citrate (pH 5.0). Cubic apo crystals formed in 0.7 M ammonium sulfate and 0.1 M 
trisodium citrate (pH 5.0). Apo R139A cubic crystals formed in 0.5 M ammonium 
sulfate and 0.1 M trisodium citrate (pH 4.5). Hexagonal apo crystals formed in 
11% (wt/vol) PEG 2000, 0.15 M ammonium sulfate, and 0.1 M trisodium citrate 
(pH 5.0). ADP•BeF3-bound crystals formed in 19% (wt/vol) PEG 3350, 0.05 M 
ammonium sulfate, and 0.1 M trisodium citrate (pH 5.0). Single crystals formed 
only after microseeding. Cryogenic buffer conditions for each crystal type 
consisted of elevated respective precipitant concentrations supplemented with 
30% (vol/vol) ethylene glycol. Cryogenic conditions also contained all reagents 
that were premixed with each respective protein sample before crystallization. 
Data Collection and Structure Solution 
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SeMet and apo ATPase domain datasets were collected at ALS beamline 5.0.1 
at a wavelength of 0.9774 Å. SeMet structure experimental phases were 
calculated by SAD169 using the PHENIX Autosol pipeline170. The SeMet model 
was used for molecular replacement for the apo structure. The second apo 
ATPase crystal data were collected at Advanced Photon Source beamline 23-ID-
B at a wavelength of 1.033 Å. ADP•BeF3 crystal data were collected at 
Brookhaven National Laboratory beamline X25 at a wavelength of 1.100 Å. 
ADP•BeF3 data were truncated due to anisotropy in the diffraction. After scaling, 
data were processed using the University of California, Los Angeles Molecular 
Biology Institute Diffraction Anisotropy Server171. The apo R139A mutant crystal 
data were collected on a home source MicroMax007-HF/Saturn 944 CCD 
detector X-ray diffraction system at a wavelength of 1.54 Å. A C-terminal–
truncated apo structure was used for molecular replacement. All datasets were 
processed with HKL3000172. Model building and refinement were performed with 
Coot173 and PHENIX174. 
 
SAXS Data Collection and Analysis 
Samples were dialyzed into buffer [25 mM Tris (pH 8.5), 125 mM NaCl, 4 mM 
DTT, 2% (vol/vol) glycerol] using dialysis buttons (Hampton Research) and 
filtered through a 0.45-μm membrane (Millipore). WT P74-26 TerL exhibited low 
levels of aggregation, which hampered interpretation of data. We hypothesized 
that the basic patch (Figure 2.4) contributes to the aggregation of P74-26 TerL. 
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To avoid aggregation, we made the R104E mutant. Indeed, this mutant shows no 
signs of aggregation (Figure 2.11A-C). Samples were shipped at 4 °C to the ALS, 
Lawrence Berkeley National Laboratory, for data collection at the SIBYLS 
beamline175. Data were collected at 10 °C with exposures of 0.5 s, 1 s, and 6 s 
and at several concentrations of TerL, and buffer blanks were subtracted to give 
protein scattering. Due to radiation sensitivity at longer exposures, only the 1-s 
exposure was used for analysis. Data were processed using the ATSAS software 
package176. The SAXS reconstruction was calculated using GASBOR191 in real-
space mode using fivefold symmetry. The docked model was optimally fit to the 
SAXS envelope by converting the GASBOR dummy atoms to a map using the 
“molmap” and “fit to map” commands in UCSF Chimera177. 
 
Molecular Docking and Modeling of the P74-26 TerL Ring 
The model of the P74-26 TerL ATPase ring was calculated with the ADP•BeF3-
bound structure of the P74-26 TerL ATPase domain using M-ZDOCK178. Fivefold 
symmetry was applied, but no other restraints were imposed during the docking. 
To model the P74-26 TerL nuclease domain, we used I-TASSER179 to generate a 
homology model with the nuclease domains of Sf6 TerL and T4 TerL as 
structural templates. To model the full-length ring, we aligned the full-length T4 
structure41 [Protein Data Bank (PDB) ID code 3CPE] onto the ATPase domains 
of our model and then superposed the P74-26 TerL nuclease homology model 
onto the T4 nuclease domains. 
57 
 
 
 
To model the potential conformational changes that drive DNA 
translocation within the ring upon ATP hydrolysis, we first positioned the apo 
ATPase structure onto a subunit within the modeled ring, using only the lid 
subdomain for alignment. To model the effect of this change on downstream 
subunits in the ring assembly, a second ATPase domain (bound to ADP•BeF3) 
was placed adjacent to the apo subunit in an orientation identical to the 
orientation in the ring model. To calculate the approximate movement of 
individual subunits that may be associated with ATP hydrolysis, we took 
advantage of the convenient output format of M-ZDOCK, in which all symmetry-
related atoms are in the same x–y plane. Therefore, overall translation of a DNA-
binding residue upon ATP hydrolysis and release (in this case, Cα of Arg101) can 
be simply calculated from the change in the z coordinate. To calculate the in-
plane rotation angle per step, we translated the Cα of Arg101 of the 
“translocating” subunit back into the original plane. We then calculated the in-
plane angle swept out by the motion of this subunit by measuring the angle 
between these three points: the original position of Arg101 Cα within the ring, the 
center of mass of all Arg101 Cα atoms, and the new (back-projected along the z 
axis) Arg101 Cα position. 
 
Modeling of the T4 TerL Ring and Fitting to Cryo-EM Reconstruction 
To make the model of the T4 TerL ring, we aligned the full-length T4 TerL 
structure (PDB ID code 3CPE)41 onto the ATPase domains of our docked 
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pentameric model using PyMOL (DeLano Scientific). The resulting model was 
then fit into the cryo-EM reconstruction of the T4 capsid with the TerL ring bound 
(EMDB-1572)41 in UCSF Chimera using the fit to map command177. 
 
Results 
Characterization of P74-26 TerL 
We recombinantly expressed and purified P74-26 TerL in Escherichia coli 
(Figure 2.2A). P74-26 TerL predominantly elutes in size exclusion 
chromatography (SEC) at a volume consistent with a pentamer [molecular mass 
by SEC (MMSEC) of ∼270 kD, MMpentamer of 285 kD] with a small monomer peak 
(MMSEC of ∼57.3 kD, MMmonomer of 57.1 kD) (Figure 2.2B). This observation is 
notable, because other TerL proteins are predominantly monomeric in 
isolation42,43,78,162, only forming a pentameric ring when bound to the procapsid41. 
P74-26 TerLis an active ATPase that exhibits apparent cooperativity in ATP 
hydrolysis, suggesting that the active sites are coupled (Figure 2.2C–E). P74-26 
TerL tightly binds DNA when locked into an ATP-bound state by the ATP mimic 
ADP•beryllium trifluoride (BeF3) (Figure 2.2F). Thus, because the isolated P74-
26 TerL protein can assume a pentamer consistent with its functional form, we 
argue that P74-26 TerL is an excellent minimal model for understanding 
packaging motor structure. 
 
59 
 
 
 
 
  
60 
 
 
 
Figure 2.2. Characterization of P74-26 TerL. (A) SDS/PAGE analysis of P74-
26 TerL purity. Diluted P74-26 TerL shows that the protein runs as a single band 
and that the undiluted protein shows no significant protein contaminants. 
Precision Plus Protein Unstained Standards (BioRad) are used as molecular 
mass markers. (B) P74-26 TerL elutes in SEC (S200) at a volume consistent with 
a pentamer. (C) P74-26 TerL shows significant ATPase activity as measured by 
a coupled-enzyme assay (50), whereas a variant that removes the catalytic 
glutamate (E150A P74-26 TerL) is completely inactive, suggesting that the 
observed ATPase activity in WT TerL is not due to contaminants. The E150A 
variant’s active site is disabled in cis but can still donate an intact arginine finger 
to an adjacent subunit in the assembly. (D) Steady-state ATPase activity is 
shown for different concentrations of TerL. Error bars are the SD from at least 
three replicates. (E) Michaelis–Menten kinetic analysis of P74-26 TerL. Titration 
of ATP indicates that P74-26 TerL has high affinity for ATP•MgCl2 (concentration 
for half-maximal activity of ∼1.5 ± 0.2 μM) and robust turnover [apparent catalytic 
rate constant (kcat,app) of ∼0.091 ± 0.003 s−1]. ATP hydrolysis is sigmoidal with 
respect to the concentration of ATP•MgCl2, with an observed Hill coefficient of 
1.7 ± 0.3. This apparent cooperativity suggests that there is coupling between 
ATPase active sites within the TerL assembly. (F) P74-26 TerL binds DNA when 
incubated with an ATP mimic. One hundred twenty-five nanograms of 100-bp 
ladder (New England BioLabs) was incubated with either TerLP74-26 or a buffer 
control for 30 min at room temperature and run on a 1.5% (wt/vol) agarose gel at 
80 V. Tight binding to DNA is only observed for P74-26 TerL that is preincubated 
with ADP•BeF3. Slight shifts in the DNA migration are observed for P74-26 TerL 
in the apo state or incubated with ADP or ATP, which may indicate weak binding. 
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Structure of the TerL ATPase Domain 
We next sought to elucidate the structural mechanism of genome 
packaging by P74-26 TerL. Because DNA translocation is ATP-dependent, 
considerable insight can be obtained from the structure of the isolated ATPase 
domain. Therefore, we expressed, purified, and crystallized a construct that 
corresponds to the N-terminal ATPase domain of P74-26 TerL (residues 1–256; 
Figure 2.1B). The structure in the absence of nucleotide was determined by 
single-wavelength anomalous dispersion (SAD)169 using selenomethionine 
(SeMet)-labeled protein, and phases were extended to 2.1 Å using diffraction 
data from native protein (Table 2.1). A second crystal form yielded another 
structure of the apo P74-26 TerL ATPase domain to 1.9 Å. The structures from 
each crystal form are very similar (Cα rmsd of 0.8Å; Figure 2.3A and Table 2.2). 
Unlike the full-length P74-26 TerL, the isolated ATPase domain does not form a 
pentameric arrangement in either crystal form. 
We note three prominent features of the P74-26 TerL ATPase domain 
(Figure 2.4). First, P74-26 TerL, as in other terminase ATPase domains38,39, 
contains a C-terminal subdomain (residues 221–251 in P74-26 TerL) that sits 
above the ATPase active site. We call this region the “lid” subdomain with 
reference to the structurally unrelated but analogous lid subdomains found in 
other ASCE ATPases46. Lid subdomains are often used in contacts between 
adjacent subunits in ASCE oligomers105,180, and their conformation can be   
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Figure 2.3. Comparison of P74-26 TerL structures. (A) Similarity between the 
two apo structures of the P74-26 TerL ATPase domain (Cα rmsd of 0.8 Å). The 
structures from both crystal forms are superposed with small deviations at the top 
of the lid and beta-hairpin loop. These regions make different lattice contacts in 
the two crystal forms. (B, Left) Superposition of the three individual ADP•BeF3-
bound ATPase domains shows that there are only minor differences between 
each monomer. The loop linking beta-strands 4 and 5 displays significant (>1 Å) 
differences between all three conformers. This loop is longer than seen in the 
structures of the Sf6 TerL and T4 TerL proteins38,39, and it is in different packing 
environments in each monomer in the asymmetric unit. Thus, we conclude that 
this loop is relatively flexible in P74-26 TerL. (B, Right) Omit map density for the 
ADP•BeF3 ligands, magnesium ions, and waters in each active site. Omit maps 
contoured at 3σ (0.34 e−/Å2) are shown for the active sites of all three ATPase 
domains in the asymmetric unit. Although molecule A has a slightly different 
electron density in the active site, its overall conformation is essentially the same 
as in molecules B and C, with a Cα rmsd within active site residues of 0.17 Å and 
0.16 Å, respectively. (C) Comparison of the ATPase domains of TerL orthologs. 
TerL ATPase domains from Sf6 (tan) and T4 (orange) are superposed onto P74-
26 (purple), with Cα rmsd values of ∼2.1 Å and 1.7 Å, respectively. Note that the 
gray region in T4 TerL is unique to T4 and closely related phages, and was not 
used for superposition. (Inset) Conservation of the P74-26 TerL basic patch. 
Lys223 in T4 TerL is at the same position as DNA-binding residue Arg101 of 
P74-26 TerL. Arg82 in Sf6 TerL is at the same position as Arg101 of P74-26 
TerL. 
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Figure 2.4. Structure of the P74-26 TerL ATPase domain. Characteristics of 
the TerL ATPase domain are color-coded. The Walker A and Walker B motifs 
form the active site. The lid subdomain (residues 221–251) is adjacent to the 
ATP-binding site and contains large hydrophobic residues that are positioned 
away from the hydrophobic core of the Rossmann fold. The hydrophobic 
residues Trp231 and Tyr238 are solvent-exposed, suggesting that they could 
participate in protein–protein interactions. Arg100, Arg101, Arg102, Arg104, 
Arg128, and Lys130 form a continuous, solvent-exposed basic patch. Arg101 is 
identified as critical for DNA binding. Arg139, positioned ∼25 Å from the active 
site, is established as necessary for catalysis in trans. 
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modulated by ATP hydrolysis105,106. Second, we observe a large patch of six 
basic residues (R100, R101, R102, R104, R128, and K130) in the turns and 
strands of the antiparallel section of the beta-sheet, a region that is specific to the 
terminase ASCE subfamily (6). A basic residue is conserved at the Arg101 
position in the other large terminase structures [Lys223 and Arg82 in T441  and 
Sf639, respectively] (Figure 2.3C). We hypothesize that this region binds to the 
DNA backbone during packaging. In support of this hypothesis, we observe a 
sulfate ion bound to Arg101 in all of our crystal forms. The third region of note is 
a conserved arginine that is on the opposite face from the active site. We 
propose that this residue is used to activate ATP hydrolysis in a neighboring 
subunit in the assembly (discussed below). 
To determine the conformational changes induced by ATP binding, we 
solved a 2.0-Å crystal structure of the P74-26 TerL ATPase domain co-
crystallized with the ATP mimic, ADP•BeF3. The packing of the ADP•BeF3 
cocrystal is unrelated to the apo crystals, with three ADP•BeF3-bound P74-26 
TerL ATPase domains in the asymmetric unit (Figure 2.3B). The residues of the 
Walker A and B motifs are in the active conformation (Figure 2.5A). The largest 
conformational change between the apo and ADP•BeF3 states occurs in the lid 
subdomain. Upon binding the ATP analog, the lid rotates ∼13° in a rigid body 
motion (Figure 2.5B). Upon binding the ATP mimic, the P-loop residues Arg39 
and Gln40 rotate to contact the gamma-phosphate mimic directly. The P-loop’s   
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Figure 2.5. Structure of the P74-26 TerL ATPase domain in complex with an 
ATP analog. (A) ADP•BeF3 is bound in the TerL active site. An omit map density 
(blue mesh) contoured to 3σ (0.34 e−/Å2) shows ADP•BeF3, a magnesium ion 
(green), and waters (red) bound in the TerL active site. Ser44, an ADP beta-
phosphate oxygen, fluoride, and three waters coordinate the magnesium ion. 
Glu150 is pointed toward the BeF3 moiety to catalyze ATP hydrolysis. (B) 
Conformational changes upon ATP hydrolysis and release. The ATPase domain 
of the ADP•BeF3-bound structure (light purple, with ADP•BeF3 in green) was 
superposed onto the Rossmann fold of the apo structure (dark purple). The lid 
was not used for superposition. Vectors (orange arrows) show alpha-carbon 
position differences of 2.5 Å or greater between the two structures. The teal bar 
marks the lid’s axis of rotation, which lies just off the ATP gamma-phosphate 
mimic. (C) P-loop interactions with the lid (green) appear to drive conformational 
changes. Hydrogen bonds are shown as yellow dashes. (Left) Backbone 
carbonyls of P-loop residues Arg39 and Gln40 (dark purple) interact with side 
chains of lid residues Ser221 and Trp225. (Right) Arg39 and Gln40 change 
position to bind ADP•BeF3, pulling at the base of the lid. The new Gln40 position 
binds Tyr232, stabilizing the new lid conformation. The Trp225 indole rearranges 
to stack with the adenine base (purple disks), and Arg39 and Gln40 side chains 
engage the beryllium fluoride (purple dashes). (D) Schematic illustration 
depicting the conformational change of the lid subdomain in response to 
nucleotide hydrolysis and release. The lid is held fixed such that the Rossmann 
fold rotates by ∼13° outward. 
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interactions with several lid residues (Ser221, Trp225, Arg228, and Tyr232) 
result in a commensurate rotation of the lid toward the ATP adenine ring (Figure 
2.5C). Thus, the motion appears to be induced by the P-loop, which bridges the 
gamma-phosphate mimic and residues at the base of the lid. The rotation of the 
lid upon ATP binding results in a reorientation of the lid’s hydrophobic residues 
such that they are now less solvent-exposed, potentially altering TerL’s 
interactions within the motor (Figure 2.5D). 
 
Identification of the Trans-acting Arginine Finger 
The structures of TerL ATPases reported here and elsewhere38,39 display 
incomplete active sites, presumably because all were crystallized without 
formation of an active ring. These monomeric TerL structures have only two 
positively charged residues within the P-loop that contact the gamma-phosphate 
of ATP to stabilize the transition state for hydrolysis. However, other ASCE family 
members have at least three positive residues that contact the gamma-
phosphate105,106,158–161,181. Indeed, our ATPase domain construct lacks ATPase 
activity (Figure 2.6A), confirming that the active site in our structure is 
incomplete. In ASCE-type ATPases, the third positive charge is provided in trans 
by a residue known as the “arginine finger,” which is most often arginine, 
although it can also be lysine46. The location of the arginine finger within the 
Rossmann fold varies widely across the ASCE family, which means that ASCE 
subfamilies often have different relative orientations of their ATPase domains  
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Figure 2.6. Identification of the trans-acting arginine finger. (A) P74-26 TerL 
ATPase domain is not catalytically active. Steady-state ATPase activity is shown 
for 0.5 μM TerL. Error bars are the SD from at least three replicates. (B) Mixture 
of the R139A and E150A single mutants has optimal ATP hydrolysis at a 1:1 
ratio. TerL-R139A and TerL-E150A are mixed at the indicated ratios, with a final 
concentration of 1 μM total TerL, and steady-state ATPase activity is measured. 
(C) R139A mutation does not cause conformational changes in the ATPase 
domain. The 2.5-Å crystal structure of the R139A P74-26 TerL ATPase domain 
(yellow) is superposed onto the 2.0-Å structure of the WT structure (dark purple). 
Position 139 is shown in a ball-and-stick representation for both variants. (D) 
Arginine finger residue is conserved in other TerL ortholog structures. T4 TerL 
and Sf6 TerL (PDB ID codes 3CPE and 4IEE, respectively) were superposed 
onto P74-26 TerL, with the arginine finger residue shown in stick representation. 
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within the oligomer182. Thus, the identification of the trans-acting arginine finger in 
TerL is necessary both for elucidation of the ATPase mechanism and for 
determining the architecture of the TerL ring assembly. 
We used a two-step strategy to identify the arginine finger of P74-26 TerL. 
First, we screened mutants of surface-exposed arginines in full-length P74-26 
TerL for ATPase activity. For mutants that showed no ATPase activity in this 
initial scan, we tested whether an inactive P74-26 TerL protein (mutated Walker 
B motif) could restore activity by donating its intact arginine finger. 
We measured steady-state ATPase activity for 11 different arginine 
mutants in full-length P74-26 TerL (Figure 2.7A). The R39A, R139A, and R235A 
variants completely abrogate ATPase activity, making them candidates for the 
arginine finger. Of these candidate residues, Arg39 and Arg235 reside within or 
near the active site, suggesting that they may affect catalysis in cis. Conversely, 
Arg139 is located ∼25 Å away from the gamma-phosphate of ATP (Figure 2.4). 
To assess which of our candidates is the arginine finger, we developed a 
biochemical complementation assay. We mixed each of our three candidate 
arginine finger mutants with the E150A variant whose active site is disabled in cis 
(Figure 2.7B) but can still donate an intact arginine finger to an adjacent subunit 
in the assembly. Thus, E150A should restore activity to an arginine finger mutant, 
but not to a mutant whose ATPase activity is disabled in cis. Mixing E150A with 
R139A results in restoration of ATPase activity, whereas mixtures of E150A with 
R39A or R235A exhibit no significant ATP hydrolysis (Figure 2.7B). ATPase   
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Figure 2.7. Identification of the TerL arginine finger residue. (A) ATP 
hydrolysis rates of P74-26 TerL arginine mutants. The only arginine mutants that 
abolish ATPase activity are R39A, R139A, and R235A (compare activity with 
activity of the inactive E150A mutant). The final TerL concentration is 0.5 μM. For 
all relevant panels in this figure, error bars are the SD from at least three 
replicates. R39 is a conserved P-loop residue proposed by Sun et al.41 to be a 
cis-acting arginine finger. (B) Arginine finger complementation assay. Different 
TerL variants at 0.5 μM each are mixed either with an alternate TerL mutant in a 
1:1 ratio (as indicated by the “+” sign) or with buffer, and their steady-state 
ATPase activity is measured. Note that the R139A/E150A double mutant is a 
single variant and not a mixture. Only a mixture of the R139A and E150A 
mutants significantly restores activity. Schematic illustrations illustrate that the 
Walker B mutant (E150A) has a debilitated active site but can donate its intact 
arginine finger (shown as an arrow), whereas the arginine finger mutant has an 
intact active site but lacks ATPase activity due to loss of the trans-acting residue. 
(C) Arginine finger residue is conserved in other TerL ortholog sequences. A logo 
diagram183 was made from a sequence alignment of 70 TerL proteins. The 
residue numbering is shown for P74-26 TerL. 
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activity is maximal at a 1:1 ratio of E150A to R139A (Figure 2.6B), as expected 
for complementation of an arginine finger mutant. In contrast, a double mutant 
combining both the R139A and E150A mutations in the same protein has no 
activity, and cannot be complemented by either the E150A or R139A single 
mutant. Our complementation results mirror the results of similar experiments 
from Cox et al.184 definitively establishing that the ASCE family member RecA 
uses trans-interactions to catalyze ATP hydrolysis. 
We verified that the R139A mutation does not perturb ATPase domain 
structure by solving the 2.5-Å resolution structure of the isolated ATPase domain 
with the R139A mutation. This structure is essentially identical to the WT 
structure (Cα rmsd = 0.2 Å; Figure 2.6C), suggesting the observed deficit is not 
due to structural changes in cis. In support of this finding, we observe that 
arginine or lysine is conserved at this position in the large terminase family 
(Figures 2.7C and 2.6D). Hence, we expect that the arginine finger is playing a 
similar role throughout the family of large terminases. Taken together, our results 
indicate that Arg139 is the arginine finger, which mediates ATP hydrolysis in TerL 
in trans. Our identification of the arginine finger illustrates that (i) ATP hydrolysis 
is catalyzed in trans and (ii) the previously proposed structural model41 must be 
substantially refined to account for these trans-interactions within the TerL ring. 
 
Modeling of the TerL Ring 
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Our two key results, the P74-26 TerL ATPase domain structure and 
identification of the arginine finger residue, allow us to create a model for the 
TerL ring assembly. The structure provides a basis for molecular docking, and 
the arginine finger provides a spatial restraint that must be satisfied for the TerL 
assembly. We used the program M-ZDOCK178,185 to model the TerL ATPase ring. 
Fivefold symmetry was the only constraint applied. We used the trans-arginine 
finger interaction to validate the docking results independently. Although many 
ATPase rings are asymmetrical during function158,186, we assume fivefold 
symmetry for simplicity. Regardless, most ringed ATPase structures were first 
modeled as symmetrical assemblies181,187, and these models were refined later 
to show asymmetry during function113,157,158,186. After docking of the ATPase ring, 
we used the full-length crystal structure of T4 TerL41 to orient a homology model 
of the P74-26 nuclease domain, which results in minimal steric clashes between 
the two domains. The soft energetic potential used in M-ZDOCK results in slightly 
shorter interatomic distances178, and therefore a constricted ring; thus, we treat 
the molecular docking results in a qualitative fashion. 
Molecular docking produced a TerL assembly that is consistent with our 
identification of the arginine finger. Arg139 contacts the ATP gamma-phosphate 
in a neighboring subunit, despite no restraint for this interaction imposed during 
the calculation (Figure 2.8A and B). Thus, these models satisfy a critical spatial 
interaction identified by our biochemical results. The lid subdomains interact with 
an adjacent subunit, with the nuclease domains arranged radially (Figure 2.8C). 
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Figure 2.8. Derivation of the P74-26 TerL ring assembly structure. (A) Model 
of the P74-26 TerL ATPase ring derived from symmetry-constrained docking. A 
bottom-up view shows each of the five subunits in different colors, with the ATP 
ligand in green. The arginine finger and the conserved basic site (Arg101) are 
shown as colored spheres. (B) Side view of the P74-26 TerL ATPase ring 
derived from symmetry-constrained docking. Colors and the image are produced 
as in A. (C) Schematic depiction of the TerL ring. The TerL ring is shown from the 
perspective of the pore, with the ring artificially “broken” and flattened on the 
page so that all subunits can be viewed simultaneously. Each subunit is colored 
as shown in other panels in this figure. The nuclease domains are depicted as 
translucent squares to represent the ambiguity of the placement of the nuclease 
domain within the TerL ring. The loops protruding from the sides of each subunit 
represent the conserved basic patch (Arg101 in P74-26 TerL). The gamma-
phosphate of ATP is contacted by the arginine finger from a neighboring subunit. 
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We tested our model’s plausibility by comparing our TerL assembly with 
other TerL crystal structures and a cryo-EM reconstruction. First, orthologous 
TerL ATPase crystal structures39,41 can be identically positioned without 
significant steric clashes of the ATPase domains (Figures 2.9A and C). In fact, 
the N-terminal extension that is unique to T4 is placed on the outside of the ring 
rather than lining the pore of the ring as in the previous proposal41. Moreover, the 
pores of our Sf6 TerL and T4 TerL ATPase models are positively charged 
(Figures 2.9B and D). Second, our structural model predicts that for other TerL 
proteins that are monomeric in isolation, ring assembly would be enhanced by 
ATP mediating cross-subunit interactions. Indeed, this dependency has been 
observed for T4188, T3189, and lambda190. Third, our T4 TerL ring model is a bowl-
like assembly that reasonably fits the cryo-EM map41 for an actively packaging 
T4 phage (Figure 2.9E and F). However, this fitting positions the ATPase domain 
ring distal to the capsid, whereas the nuclease domains interact with portal 
(Figure 2.9E S4E), an interaction that has been observed recently113. Thus, our 
revised TerL ring model is a different arrangement than that previously proposed. 
We examined whether our structural model is globally consistent with a 
molecular envelope, as calculated from small-angle X-ray scattering (SAXS) 
data. Whereas WT P74-26 TerL exhibits slight aggregation, we obtained high-
quality SAXS data by exploiting the R104E P74-26 TerL mutant, a more soluble 
variant than the WT protein (Figure 2.10A and B). R104E P74-26 TerL is well 
folded and has a radius of gyration of 48.0 ± 2.0 Å (Figure 2.10B and C),  
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Figure 2.9. Superposition of TerL orthologs onto the P74-26 TerL ATPase 
ring model. (A) Model of the Sf6 TerL ATPase ring. The TerL ATPase domain 
from Sf6 was superposed onto the docked model of the P74-26 TerL ATPase 
ring. (Left) Each subunit is shown in a different shade, and the ring is viewed 
from the side. There are no significant clashes in this model. (B) View of the 
electrostatic surface potential of the Sf6 TerL ring from the bottom shows a net 
positively charged pore as would be expected from the DNA-binding region. (C) 
Model of the T4 TerL ATPase ring. The TerL ATPase domain from T4 was 
superposed onto the docked model of the P74-26 TerL ATPase ring. The region 
specific to the T4 phages is shown in gray, the main ATPase domain is shown in 
various colors, and the ring is viewed from the side proximal to the nuclease 
domains. There are no significant clashes in this model, and the T4-specific 
region is present on the outside of the ring, away from the core machinery. (D) 
Electrostatic surface potential of the T4 TerL ring pore, as viewed from the 
bottom of the ring. Again, the residues within the pore have a net positive charge, 
as would be expected for a region that binds DNA. (E and F) Model of the T4 
TerL ring fits a cryo-EM structure of the intact motor (E is viewed from the side 
and F from the bottom). The revised model of the T4 TerL ring is shown as a 
colored cartoon, with the cryo-EM envelope of the T4 capsid and packaging 
motor, which was calculated without fivefold averaging (gray surface). 
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Figure 2.10. Functional and biophysical analysis of the P74-26 TerL 
pentameric assembly. (A) SAXS profile of a highly soluble variant of P74-26 
TerL (R104E). Scattering intensity is shown as a semilog plot vs. the scattering 
angle (q). (B) Guinier plot of low scattering angles shows no aggregation, and a 
radius of gyration of 48.0 ± 2.0 Å. (C) P74-26 TerL construct is well-folded. A 
Kratky plot of the SAXS data is shown. The peak at low scattering angles and the 
relatively flat and low profile at high scattering angles are hallmarks of well-folded 
protein. (D) P74-26 TerL R101E variant is catalytically active. Steady-state 
ATPase activity is shown for 0.5 μM TerL. E150A and WT are shown as points of 
comparison. Error bars are the SD from at least three replicates. (E) Key 
functional residues mapped onto the previous model for the TerL assembly. The 
view is as seen from the perspective of the capsid/portal. The P74-26 TerL 
ATPase domain crystal structure and nuclease domain homology model were 
superposed onto the previous model for the T4 TerL ring (PDB ID code 3EZK). 
Key residues for testing each model are shown as colored spheres: The arginine 
finger (Arg139) is orange, the DNA-binding residue (Arg101) is blue, and the lid 
hydrophobic patch residues (W231 and Y238) are shown in rusty red. The 
nuclease domain homology model is semitransparent. (F) Same as in E, but 
viewed from the side. The procapsid and portal would be above the TerL ring. 
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consistent with a pentameric assembly. We performed an ab initio calculation of 
the P74-26 TerL molecular envelope using our SAXS data and imposing fivefold 
symmetry. The calculated molecular envelope fits the scattering data well (χ2 = 
0.79) and is roughly shaped like a bowl, with a pore in the center and a V-shaped 
cross-section. The overall bowl-like shape of the P74-26 TerL ring model fits the 
SAXS reconstruction well; the ATPase domains form the V-shaped base, and the 
nuclease domains form the bowl’s lip (Figure 2.11A). We note that extra density 
is present between the nuclease domains, possibly indicating conformational 
heterogeneity in the bowl’s lip or a poor fit of our nuclease domain homology 
model. Regardless, our model is broadly consistent with reconstructions from 
both SAXS and cryo-EM. 
We tested various aspects of our structural model to determine whether it 
has predictive power. Our model predicts that the lid’s hydrophobic patch 
(Trp231 and Tyr238) contacts an adjacent subunit for arginine finger positioning 
(Figure 2.11B). To test the hypothesis that these residues are important for 
ATPase activity, we individually mutated Trp231 and Tyr238 to alanine. Mutation 
at each of these residues results in severe loss of ATPase activity (Figure 
2.11C). Thus, the lid’s hydrophobic patch is critical for TerL activity. 
As an additional test of our model’s predictive power, we used our model 
to identify the DNA-binding motif. Basic residues line the pore of the TerL ring, 
with a central pore residue (Arg101) that is conserved (Figure 2.11D and Figure 
2.3C). A positive electrostatic environment in the pore is similar to other ASCE  
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Figure 2.11. Validation of the TerL ring assembly model. (A) Model of P74-26 
TerL fits the ab initio SAXS envelope. The modelled P74-26 TerL ring structure 
(colored cartoon) is superposed onto the SAXS envelope calculated using 
GASBOR191 (imposing fivefold symmetry). Dummy atoms for the SAXS envelope 
are shown as gray spheres. (B) Hydrophobic patch on the lid subdomain 
mediates critical intersubunit interactions. The structural model suggests that 
Trp231 and Tyr238 of the lid hydrophobic patch (ball-and-stick representation) 
mediate critical interactions with a neighboring subunit for positioning the arginine 
finger. (C) P74-26 TerL lid hydrophobic patch is critical for TerL function. Steady-
state ATPase activity is shown for 0.5 μM TerL. Mutation of either W231 or Y238 
results in a large decrease in ATPase activity. Error bars are the SD from at least 
three replicates. (D) Electrostatic map of the docked P74-26 TerL ATPase ring, 
with positive and negative surface potentials shown in blue and red, respectively. 
Note the positive charge lining the pore of the P74-26 TerL ATPase ring. The 
electrostatic surface was calculated using the APBS plug-in for PyMOL (DeLano 
Scientific)192. Figure is colored by electrostatic potential (kbT/ec) as indicated. (E) 
DNA binding for multiple arginine mutants. EMSA was carried out as in Fig. S1F, 
including several arginine mutants. Arg101 is required for DNA binding, whereas 
Arg39 and Arg58 are dispensable. (F) Mutation of the conserved pore arginine 
abrogates DNA binding. The ability of three different arginine mutants to bind 
DNA tightly in the EMSA assay was mapped onto the model of the P74-26 TerL 
ring. As predicted by the structural model, Arg101 is necessary for DNA binding 
and mutations distal to the pore (R39A and R58A) have no measurable effect on 
DNA binding. A 100-bp DNA ladder (New England BioLabs) is used as a 
standard.      
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nucleic acid translocases158,159,161. We hypothesize that Arg101 binds DNA 
during packaging. To test this hypothesis, we mutated several surface arginines 
in full-length P74-26 TerL and measured the ability of these mutants to interact 
with DNA in the presence of ADP•BeF3 (Figure 2.11E). Mutation of Arg101 
causes loss of DNA binding, whereas mutation of residues distal to the pore 
(Arg39 and Arg58) has no measurable effect (Figure 2.11F). Although a defect in 
binding ATP could cause loss of DNA binding, the R101E mutant retains WT 
levels of ATPase activity (Figure 2.10D), indicating that the DNA-binding defect is 
not due to loss of ATP binding. Thus, we have identified the critical DNA-binding 
motif in TerL, supporting our structural model for the TerL ring. 
 
Discussion 
Our results suggest a substantially different organization of the TerL ring 
than the initial model that was proposed previously in a ground-breaking study of 
the T4 terminase. The previous model, which is based on fitting the T4 TerL 
crystal structure to a cryo-EM reconstruction with a resolution of 34 Å, proposed 
that the TerL ATPase domains form a ring that contacts portal through the lid 
subdomains41. The pore of the ATPase ring has a net negative charge and is 
lined by a portion of TerL that is unique to T4. The nuclease domain was 
proposed to form a ring distal to portal that grips and translocates DNA through 
the pore. Because the ATPase active sites do not contact a neighboring subunit, 
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Sun et al.41 proposed that an invariant arginine in the P-loop (Arg162 in T4 TerL, 
Arg39 in P74-26 TerL) acts as the arginine finger to catalyze ATP hydrolysis. 
Our identification of the conserved trans-acting arginine finger indicates 
that the previous model requires significant modification. Although the P-loop 
arginine previously proposed as the cis-acting arginine finger is necessary for 
packaging193 and ATPase activity41 (Figure 2.7A), our data do not support the 
hypothesis that it is the arginine finger. Instead, we propose that this residue, 
Arg39 in P74-26 TerL, is conceptually analogous to the sensor II arginine found 
in the family of ATPases known as the ATPases associated with diverse cellular 
activities (AAA+), which aids ATP hydrolysis in cis and confers movement of the 
AAA+ lid subdomain upon ATP hydrolysis105,106. In order for the previous model 
to accommodate the trans-acting arginine finger, a rotation of the ATPase 
domain of ∼110° is necessary. Although formally possible, this rotation of the 
ATPase domain does not fit the cryo-EM density for the actively translocating 
motor41 and would disrupt portal interactions. Therefore, we disfavor this model. 
Our docked model for the TerL ring satisfies the distance constraint 
imposed by the arginine finger and revises the orientation of TerL relative to 
portal. We propose that the nuclease domains form a radially arranged ring that 
is proximal to portal, whereas the ATPase ring is distal. Our model positions the 
lid subdomains at the interface between adjacent ATPase subunits, where they 
assist in positioning the arginine finger, as supported by our mutagenesis data 
(Figure 2.11C). In the previously proposed model41, the lid residues interact with 
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portal (Figure 2.10E and F). However, because our sample lacks portal, the 
observed ATPase defects in lid mutants are not due to a disruption of portal 
interactions, but are consistent with our proposed role in TerL assembly. 
Our updated model accounts for functional conservation across the TerL 
family. First, our model contains a largely basic patch lining the pore. Within this 
patch, we identify Arg101 as a critical component of the DNA-binding motif. With 
conservation of a basic residue at this position, our model is congruent with the 
terminase family. Notably, in the previously proposed structural model, the 
equivalent residue in T4 TerL is positioned distal to the pore and the nuclease 
domain was hypothesized to bind DNA41 (Figure 2.10E and F), both of which are 
inconsistent with our observations. Second, our identification of the arginine 
finger in TerL brings the mechanism of ATP hydrolysis into accord not only with 
the terminase family but also with the rest of the ASCE family. Conservation of 
the DNA-binding and catalytic mechanism therefore supports our updated 
structural model. 
Although our model allows accurate predictions for regions of function, the 
overall model is qualitative in nature. As previously mentioned, the ring 
dimensions are slightly constricted due to the docking algorithm, with the pore’s 
smallest inner diameter measuring ∼16 Å, as calculated from the Cβ positions of 
surface-exposed arginines lining the pore (we use the Cβ position because it is 
rigidly fixed). Thus, the modeled pore is too small to accommodate dsDNA. We 
propose that the TerL ring is expanded relative to the docked model because the 
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docked model exhibits contacts that are clearly too close with several 
overlapping atoms, which would artificially constrict the ring. Furthermore, our 
model positions the nuclease domain based on the full-length T4 TerL structure, 
which crystallized as a monomer41. The nuclease domain position may be 
ortholog-dependent or may be altered upon ring formation and/or upon portal 
binding. Nuclease position is important because the nuclease domain may be 
playing a key role in pentamer assembly, considering that the isolated P74-26 
TerL ATPase domain crystallizes as a monomer. Although ongoing and future 
investigations will refine the details of our structural model, we have established 
that it captures essential aspects of the TerL ring through its consistency with 
prior data, as well as its predictive power. Our structural model, combined with 
our nucleotide-dependent structural changes, allows us to derive a preliminary 
mechanistic model for DNA translocation in this family. 
Based on our TerL ring model and the observed conformational changes 
upon ATP hydrolysis and release, we propose a mechanistic model for DNA 
translocation. During genome packaging, DNA is gripped in the center of the 
TerL ring. In this model, it is assumed that the TerL ring hydrolyzes ATP one 
subunit at a time, and not in a concerted all-or-none mechanism. This 
assumption is consistent with the mechanism of ATP hydrolysis in other ringed 
ASCE ATPases58,158,159,161. When one subunit hydrolyzes ATP, it undergoes a 
conformational rearrangement such that the lid pivots 13° around the Rossmann 
fold (Figure 2.5B). If we further assume that the lid remains bound to the 
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neighboring subunit throughout packaging, as seen in homologs194, the result 
would be the Rossmann fold pivoting outward and upward toward the capsid 
(Figure 2.12). 
We propose that the conformational change from one ATP hydrolysis 
event propagates to an adjacent subunit, sterically exerting force on the adjacent 
subunit such that the two subunits move in concert. Because TerL only binds 
DNA tightly in the ATP-bound form (Figure 2.2F), ATP hydrolysis at one subunit 
will lead to that individual subunit releasing DNA. During a hydrolysis event, the 
ATP-hydrolyzing subunit loses its grip on DNA but initiates motion that is 
propagated to the adjacent ATP-bound subunit, which is still gripping DNA 
through interaction with Arg101. The conformational change of the ATP-
hydrolyzing subunit results in an upward translocation motion of DNA at the 
adjacent subunit and resets the motor for unidirectional translocation. We 
estimate that this motion would translocate DNA perpendicular to the plane of the 
ring by ∼8 Å per hydrolysis event, or about 2.4 bp. In addition, we predict that 
DNA would rotate in the plane of the ring by ∼2.3° for each step. Because our 
model is qualitative, our estimated step rotation and size should be viewed with 
reservation. However, these values compare favorably with the 2.5 bp 
translocation58 and ∼3.5° rotation per step66 measured for the phi29 motor at low 
packaging force. Our proposed “lever-like” mechanism for force generation is in 
contrast to the previous model, wherein a “spring-like” motion of DNA-bound 
nuclease domains translocates DNA through the pore41. Because several other  
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Figure 2.12. Proposed model for the mechanism of DNA translocation by 
TerL. (A) TerL ring is shown as in Fig. 6F. The nuclease domains interact with 
the portal complex (translucent gray rectangle) and possibly the procapsid (black 
curve). DNA is not shown but interacts with TerL through the DNA interaction 
motif (Arg101). Each subunit’s lid is bound tightly to the Rossmann fold of the 
adjacent subunit. (B) Upon ATP hydrolysis and release by the magenta subunit, 
the lid stays bound to the blue subunit and the Rossmann fold rotates 13° 
upward. To allow for this movement, the adjacent red subunit must also move in 
concert with the magenta subunit. To represent that the second site of symmetry 
breaking is unknown, the other three ATPase domains are faded. After 
hydrolyzing ATP, the magenta subunit releases DNA to the red subunit to 
translocate DNA upward through the pore; into the pore of the portal complex; 
and, ultimately, inside the procapsid. The release of DNA at each cycle by the 
ATP-hydrolyzing subunit allows for unidirectional DNA translocation. 
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studies have evaluated DNA packaging in the context of the previous TerL 
structural and mechanistic models, our work illustrates that these studies should 
be reinterpreted within the context of the updated TerL model. 
It is unclear how this conformational change will affect subunits further 
downstream than the two moving subunits. The breakage of symmetry at the 
ATP hydrolysis site necessitates at least one other site of symmetry breaking to 
maintain a closed ring structure. Alternatively, the TerL assembly may form an 
open lock washer shape that dynamically alternates which subunits cap the ends 
of the lock washer, as has been proposed for the ASCE helicase DnaB158. 
Although our current model is fivefold symmetrical, recent studies of ASCE family 
members illustrate that significant asymmetry exists during motor 
function158,159,186. Future refinement of our structural model will identify how TerL 
asymmetry drives DNA translocation. 
 
This work was previously published in PNAS37.  
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CHAPTER III 
  
  
The cryoEM structure of a 
thermophilic small terminase protein 
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Abstract 
 Many tailed bacteriophage use a DNA packaging motor to encapsulate 
their genetic material during viral maturation. An important step of the packaging 
cycle is genome recognition, which is performed by the ‘small terminase’ subunit 
(TerS). TerS binds viral DNA and transfers it to the large terminase (TerL) for 
packaging. While there are several crystal structures of TerS proteins, the DNA 
and TerL binding mechanisms of the protein are still unclear. Here, we present a 
novel model system for studying TerS DNA and TerL binding. We identify the 
TerS protein of the thermophilic bacteriophage P74-26 as gp83. We determine 
P76-26 TerS oligomerizes into a stable nonamer (9-mer), which binds DNA, 
stimulates TerL ATPase activity, and inhibits TerL nuclease activity. Using 
cryoEM, we solve 3.8 Å and 4.8 Å resolution reconstructions of the symmetric 
and asymmetric TerS complexes. The cryoEM structures show P74-26 TerS 
forms a nonameric ring with a central pore wide enough for DNA 
accommodation. Interestingly, P74-26 TerS also contains an inflexible helix-turn-
helix motif, and appears to lack the conserved C-terminal β-barrel domain in the 
TerL binding region. Together, our findings suggest the putative TerL binding 
region in P74-26 TerS is unstructured, and further studies will determine which 
TerS regions bind DNA.  
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Introduction 
During their life cycle, viruses undergo a multi-step reproduction process. 
Viruses infecting all domains of life, from bacteria to eukaryotes, must replicate 
and encapsulate their genetic material to create infectious particles. For viruses 
with large genomes, transporting genetic material into the capsid is an energetic 
challenge, and many viruses have evolved motor systems to accomplish this 
task. In viruses with concatemeric double-stranded DNA genomes, a motor 
known as a ‘terminase motor’ is used. Terminase motors are composed of three 
components: a ‘portal’ channel, a ‘small terminase’ DNA recognition protein, and 
a ‘large terminase’ enzymatic motor195. During maturation, the portal, which is 
embedded within the capsid wall, acts as an adaptor to connect the capsid to the 
large terminase. The large terminase (TerL) binds portal and pumps DNA 
through its pore into the capsid. In order for this packaging step to occur, the 
motor must first recognize and cleave the viral genome concatemer to form a 
free end of the DNA to thread into portal. This DNA-recognition task is performed 
by the small terminase (TerS), which binds a recognition sequence known as 
‘pac’ and transfers the DNA to TerL for subsequent cleavage and packaging. 
TerS has an important role in initiation, as aberrant pac recognition impedes 
faithful genome packaging 196,197. 
 Despite being studied for several decades, how TerS binds to pac is still 
unclear. In many viral genomes, the pac site is located within the gene for TerS 
itself50,78,81,82,198,199. In some systems, such as SPP1, the pac site appears to 
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have intrinsic flexibility, suggesting a role for DNA bending in TerS recognition199. 
Further clues for the DNA binding mechanism come from structures of TerS 
proteins. In all currently known pac recognizing TerS proteins, the protein 
multimerizes to form a ring with a central pore49,50,86,87. In some of these 
assemblies, such as Shigella flexneri phage Sf6 and Bacillus subtilis phage SF6, 
the pore is too narrow to accommodate double-stranded DNA binding86,87. 
Interestingly in these structures, the outward-facing N-terminal domain is a helix-
turn-helix motif, a common DNA-binding motif. Studies of Sf6 TerS indicate that 
mutation of this region of the protein abrogates DNA binding, suggesting a 
nucleosome-like wrapping mechanism85. The exception to this model is the TerS 
structure of phage P22. In P22, the perimeter of the ring lacks the helix-turn-helix 
motif, and the pore is wide enough to accommodate DNA50. This finding led to 
the second hypothesis that DNA binds in the center and is threaded through the 
pore. 
 Despite the differences in the DNA binding region of the protein, TerS 
rings retain the same mushroom-like shape with a C-terminal β-barrel. The β-
barrel is of interest, as it is conserved in all TerS structures to date, and interacts 
with TerL50,88. TerS binding to TerL increases TerL’s ATPase activity while 
inhibiting nuclease activity42,43,49,50,78, indicating TerS has a regulatory effect on 
DNA packaging. Additionally, the β-barrel can control TerS assembly, as 
removing it causes polydisperse ring formation49,87. Therefore, the C-terminal β-
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barrel has been hypothesized to be important for both TerS oligomerization and 
regulation of TerL activity. 
In past studies, we have used the thermophilic phage model system P74-
26 to probe the mechanisms behind different stages of the viral life cycle37,116,200. 
Here, we identify the small terminase gene of phage P74-26 and develop it as a 
model system. We characterize the complex as a nonameric ring that binds DNA, 
activates P74-26 TerL ATPase activity, and inhibits TerL nuclease activity. We 
report symmetric and asymmetric cryo-EM reconstructions of P74-26 TerS to 
overall resolutions of 3.8 Å and 4.8 Å resolution, respectively. Our structures 
show that P74-26 TerS retains the N-terminal helix-turn-helix motif, while also 
having a wide enough pore for DNA binding. In comparison to other phages, the 
helix-turn-helix motif is in an alternate conformation, suggesting P74-26 TerS 
binds DNA in a different manner compared to other TerS proteins. Most 
interestingly, the C-terminal region of P74-26 TerS is unstructured, indicating that 
the β-barrel seen in other TerS structures is not strictly conserved, nor is a β-
barrel essential for regulating P74-26 TerL and stabilizing P74-26 TerS ring 
stoichiometry. 
 
Materials and methods 
Cloning 
The TerS P74-26 gene was synthesized with codon optimization for expression 
in E. coli by Genscript Corporation. The gene was cloned into the BamHI and 
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NdeI sites of a modified pET28a vector with an N-terminal His6-T7-gp10 
expression tag and a Prescission protease cut site. Enzymes were purchased 
from New England BioLabs. Oligonucleotides were purchased from IDT. 
  
Expression and purification of proteins 
Protein was expressed in BL21-DE3 cells containing the pET28a-TerS plasmid. 
Bacterial cultures were grown at 37°C in Terrific Broth supplemented with 30 
µg/ml kanamycin until an OD600 of 0.7 was reached. Cells were moved to 4°C for 
20 minutes, after which expression was induced by addition of IPTG (isopropyl-b-
D-thiogalactopyranoside) to 1 mM. Cells were then returned to an 18°C incubator 
to shake overnight. Cells were pelleted and resuspended in ‘Buffer A’ (500 mM 
NaCl, 20 mM Tris pH 7.5, 20 mM imidazole and Roche cOmplete EDTA-free 
Protease Inhibitor Cocktail dissolved to a final concentration of 1x). Resuspended 
cells were flash frozen in liquid nitrogen for long-term storage at -80°C. Thawed 
cells were lysed using a cell disrupter, and lysis was pelleted via centrifugation. 
Cleared lysate was filtered using a 0.45 µM filter. All subsequent steps occurred 
at room temperature unless noted. Lysate was loaded and recirculated over Ni-
affinity beads (Thermo-Scientific) for 2.5 hours, which had been pre-equilibrated 
with Buffer A. Beads were subsequently washed with 5 column volumes of Buffer 
A without protease inhibitors. The protein-bound beads were transferred to a 50 
mL conical containing 1.25 mg of purified prescission protease, which was 
incubated overnight on a nutator. The following day, the resin was transferred to 
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a gravity flow column, and the flow-through was collected, alongside a 1 column 
volume wash of the resin with Buffer A. The flow-through was then concentrated 
and injected onto a HiPrep 26/60 Sephacryl S200-HR gel filtration column that 
had been pre-equilibrated with gel filtration buffer (250 mM NaCl, 20 mM Tris pH 
7.5) at 4°C. Fractions corresponding to the TerS peak were pooled, concentrated 
to 17 mg/mL, and flash frozen in liquid nitrogen for storage at -80°C. P74-26 TerL 
was expressed and purified as previously described in Chapter II37. 
  
Size Exclusion Chromatography Multi-Angle Light Scattering (SEC-MALS) 
SEC-MALS was performed at room temperature using a 1260 Infinity HPLC 
system (Agilent), a Dawn Helios-II multi-angle light scattering detector (Wyatt 
Technology), and an Optilab T-rEX differential refractive index detector (Wyatt 
Technology). Detectors were aligned, corrected for band broadening, and 
photodiodes were normalized using a BSA standard. Samples were diluted to 1 
mg/mL with Gel Filtration buffer and filtered through a 0.22 µM filter. 50 µL of 
sample was injected onto a WTC-030S5 size exclusion column with a guard 
(Wyatt Technology) that had been pre-equilibrated overnight with Gel Filtration 
buffer. Data analysis was performed with Astra 6 software (Wyatt Technology). 
  
DNA binding 
TerS DNA binding was performed using the P74-26 gp83 DNA sequence that 
was PCR amplified from the P74-26 phage genome. P74-26 forward primer: 
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ATGAGCGTGAGTTTTAGGGACAGGG; P74-26 reverse primer: 
CTAGGTCTTAGGCGTTTCATCCGCC. Oligonucleotides were purchased from 
IDT. To assess DNA binding, TerS was dialyzed into a buffer containing 25 mM 
potassium glutamate and 10 mM Tris pH 7.5. TerS was then incubated for 30 
minutes with 50 ng of the P74-26 gp83 gene in an 8 µL volume sample. After 
incubation, 2 µL of 5x Orange G loading dye was added to the samples, yielding 
the final protein concentration indicated on the gel. Samples were run on a 1% 
(wt/vol) TAE-agarose gel with a 1:10,000 dilution of GelRed dye (Phenix 
Research) for 90 minutes at 80 volts. 
  
Coupled-enzyme ATPase assays 
ATPase experiments were performed as previously described in Chapter II37. 
  
Nuclease assays 
Nuclease experiments were performed as described in Appendix 1116. 
  
Negative stain electron microscopy 
3.5 µL of 900 nM TerS (monomer) was applied to a glow-discharged carbon-
coated 400 mesh copper EM grid and incubated for 30 seconds. Sample was 
blotted off, and the grid was washed with water and blotted two times. Grid was 
stained with 1% uranyl acetate and imaged using a 120kV Philips CM-120 
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electron microscope with a Gatan Orius SC1000 detector. Relion 2.0 was used 
for 2D classification201. 
  
CryoEM specimen preparation 
For dataset one, 400 mesh 2/2 Holey Carbon C-Flat grids (Protochips) were 
incubated with ethyl acetate until dry. Grids were glow discharged for 60 seconds 
at 20 mA (negative polarity) with a Pelco easiGlow glow discharge system 
(Pelco). Samples were prepared to yield a final concentration of 19.5 µM TerS 
(nonamer), 150 mM NaCl, 20 mM Tris (pH 7.5), and 0.015% amphipol A8-35. For 
dataset two, the same sample was applied to a 200 mesh 2/2 UltrAuFoil Holey 
Gold grid (Quantifoil) that was glow-discharged for 120 seconds at 20 mA. For 
both datasets, 3 µL of sample was applied to grid at 10°C and 95% humidity in a 
Vitrobot Mark IV (FEI). Samples were blotted for 4 seconds with a blot force of 5 
after a 10 second wait time. Samples were then vitrified by plunging into liquid 
ethane and were stored in liquid nitrogen until data collection. 
  
CryoEM data collection 
Micrographs were collected on a Titan Krios electron microscope (FEI) at 300 kV 
fitted with a K2 Summit direct electron detector (Gatan). Images were collected at 
130,000x in super-resolution mode with a pixel size of 0.529 Å/pixel and a total 
dose of 50 e-/Å2 per micrograph. Micrographs were collected with a target 
defocus range of -1.4 to -2.6 for both datasets one and two. Dataset one was 
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collected with one shot focused on the center of the hole. For dataset two, the 
first 549 images were collected with four shots per hole at 0° tilt, and the 
remaining 1,077 images were collected at a 30° tilt with two shots per hole. In 
total, 2,822 micrographs were collected. 
  
CryoEM data processing 
 Micrograph frames were aligned using the Align Frames module in IMOD with 2x 
binning, resulting in a final pixel size of 1.059 Å/pixel. Initial CTF estimation was 
performed using CTFFIND202 within the cisTEM suite. Particles were picked with 
a characteristic radius of 40 Å using Find Particles in the cisTEM software 
package203. Particles were then extracted with a largest dimension of 120 Å and 
a box size of 256 pixels. Selected particles were subjected to 7 rounds of 2D 
classification using cisTEM. Each round of 2D classification consisted of 20 
iterative cycles with 50 to 100 classes. After each round, the classes were 
examined and noisy classes were excluded before subjection to the next round 
of classification. The final round of 2D classification yielded 295,395 particles, 
which were exported into Relion format. Ab-initio 3D reconstruction was 
performed with cisTEM using a particle subset selected for an even distribution of 
views from the 2D classification images. Ab-initio 3D reconstruction was 
performed using 2 starts with 40 cycles per start. CTF correction was re-
estimated using gCFT204 and the particles were re-extracted in Relion 3.0205. 
Classification was done in Relion 3.0 using C1 symmetry into 6 classes for 60 
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iterations with a mask diameter of 140 Å. For the first asymmetric structure, 
classes 1 and 6 were combined (152,315 particles) for 3D refinement in Relion 
3.0 using C1 symmetry. For the symmetric reconstruction, class 1 (84,860 
particles) was sub-selected for 3D refinement in Relion 3.0 using C9 symmetry. 
For the second asymmetric structure, class 5 (86,969 particles) was sub-selected 
for asymmetric refinement using C1 symmetry. CTF refinement and subsequent 
post-processing were performed after 3D refinement for all symmetric and 
asymmetric reconstructions in Relion 3.0. Resolution was calculated using gold-
standard FSC curve calculation and a cutoff of 0.143. 
 
 CryoEM model building 
To build the atomic models of the TerS structure, the helix-turn-helix motifs and 
oligomerization domains of the g20c crystal structure (PDB code 4XVN) were 
rigid body fit into the cryoEM density for each subunit separately using the 
Chimera “Fit to map” command177. Each chain in the symmetric and asymmetric 
models consisted of residues 1 to 137. For the symmetric structure, one chain 
was manually refined in Coot206, and 9-fold symmetry was repopulated using 
PyMol. For the class 5 asymmetric structure, the symmetric model was fit into the 
density and each helix-turn-helix motif and oligomerization domain were 
separately fit in Coot using the “rigid body refine” tool. Model refinement was 
performed in Phenix using the real-space refinement tool with three cycles of 
refinement per round. Rotamer restraints, Ramachandran restraints, and NCS 
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restraints were used during refinement. Group ADP values were calculated on a 
per residue basis. 
 
Multibody refinement  
Multibody refinement was performed on the C1 refined structure of classes 1 and 
6. Separate masks were generated around a single helix-turn-helix domain and 
the remainder of the protein. The largest body was designated as body 1, and 
the helix-turn-helix motif was designated as body 2. Body 1 was set to refine with 
a rotational value of 0° and a translational value of 0 pixels in relation to body 2. 
Body 2 was set to refine with a rotational value of 20° and a translational value of 
5 pixels in relation to body 1. 
 
Focused classification 
For focused classification, the C1 refined structure of classes 1 and 6 were used. 
Symmetry expansion was performed using the relion_particle_symmetry_expand 
program in Relion 3.0205 to rotate each particle 40° nine times to align all 
monomers within the ring into the same position. Separate masks were created 
for a single TerS subunit and the remaining eight subunits. Particle subtraction 
was implemented using Particle Subtraction in Relion 3.0 to remove the eight 
remaining subunits, and focused classification was performed with the masked 
single subunit into 4 classes. 
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Local resolution and electrostatic potential calculation 
Local resolution calculation was performed using the “Local resolution” function 
of Relion 3.0. Electrostatic maps were generated using the PyMol APBS 
plugin192. 
 
Secondary structure prediction 
Secondary structure of TerS monomers was predicted using JPred4207. 
 
Circular Dichroism 
TerS and TerL samples were dialyzed overnight at 4°C into a buffer containing 
125 mM NaCl and 25 mM Tris (pH 8.5). Each protein was diluted to 1 µM in an 
identical buffer containing 1 mM 2-mercaptoethanol. Samples were placed in a 
double-chamber cuvette in which the pathlength of each chamber was 0.438 cm. 
Samples were read from 215 to 260 nm with a scan rate of 50 nm per min and a 
response time of 8 seconds with a Jasco J-810 circular dichroism 
spectrophotometer (Jasco, Inc). Each sample was read in triplicate, and an 
averaged spectra was generated. Samples were then mixed and read again. The 
spectra were converted to mean residue ellipticity (MRE) with the equation 
(𝛩×100,000)
[𝑐𝑜𝑛𝑐]×(𝑙)×(𝑛)
   
Results 
Characterization of P74-26 gp83 
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We sought to identify and characterize the P74-26 phage TerS to 
illuminate how thermophilic small terminase proteins recognize the viral genome. 
In related phage genomes, the small terminase gene directly precedes the large 
terminase gene. The P74-26 large terminase was previously identified as 
gp84208, leading to the prediction that gene 83 encodes the small terminase 
protein. The gp83 protein is 171 amino acids (a.a) in length, and is thus similar in 
size to known TerS proteins, such as P22 (162 a.a), T4 (164 a.a), SF6 (145 a.a) 
and Sf6 (140 a.a). To further verify its identity, the putative TerS protein was 
recombinantly expressed and purified to near homogeneity (Figure 3.1A). Size-
exclusion multi-angle light scattering (SEC-MALS) shows gp83 assembles into a 
stable 9-mer complex, with a measured molecular mass of 170 kDa (compared 
to 171 kDa calculated by sequence) and a polydispersity index of 1.000, 
indicating a monodisperse assembly (Figure 3.1B). The oligomerization state of 
gp83 is consistent with that of mesophilic TerS proteins, which assemble into 8 to 
11 subunit oligomers49,50,86,87. 
 To determine if gp83 binds DNA like other TerS proteins, we performed 
electromobility shift assays. Because many other TerS oligomers recognize a 
sequence within their own gene50,78,81,82,198,199, we used the P74-26 gp83 DNA 
sequence to evaluate DNA binding. The gp83 complex binds DNA weakly, as 
indicated by smearing within the gel (Figure 3.1C). Although the Kd for DNA 
binding cannot be accurately quantified, low DNA binding affinities were  
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Figure 3.1. Characterization of P74-26 TerS. (A) SDS-PAGE gel of purified 
P74-26 TerS. (B) SEC-MALS of P74-26 TerS. The UV absorbance at 280 nm 
wavelength is shown. The measured molecular mass of the complex is 170 kDa, 
compared to 171 kDa calculated from sequence of a 9-mer. The polydispersity 
index is 1.000. (C) P74-26 TerS binds DNA with weak affinity. Titrating P74-26 
TerS from 0 to 272 µM (monomer) with 50 ng of the P74-26 TerS gene shows 
TerS has a low affinity for DNA. 
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observed for other TerS proteins84,85, indicating gp83 displays typical affinity for 
DNA.  
We also find that gp83 regulates the enzymatic activities of TerL 
42,43,49,50,78. Upon mixing gp83 with P74-26 TerL, TerL ATPase activity increases 
4.4-fold (Figure 3.2A). This suggests a direct interaction between TerL and gp83, 
as no DNA is present in the experiment. Previous studies also established this, 
with T4 TerS reportedly increasing T4 TerL ATPase activity up to 50-fold42. As 
seen with other systems, gp83 also inhibits TerL nuclease activity 3.3-fold43,49,91 
(Figure 3.2B). Taken together with the genetic, SEC-MALS, DNA binding, and 
ATPase activity, these results verify gp83 is the TerS of P74-26. 
  
The cryo-electron microscopy structure of P74-26 TerS 
We next used electron microscopy (EM) to determine the structure of P74-
26 TerS. Negative stain EM shows homogenous TerS particles with even 
distributions of top and side views (Figure 3.3). From 2D classification, we 
observe that TerS forms a donut-shaped assembly with a central pore. To further 
elucidate the structural features of P74-26 TerS, we prepared samples of the 
complex for cryoEM. Unlike negative stain samples, cryoEM samples show 
preferred orientation for the top and bottom views of the ring and slight 
aggregation (Figure 3.4A). The lack of side views severely hampers initial 
structure determination, and the middle portion of the ring cannot be resolved 
(Figure 3.4B). 
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Figure 3.2. P74-26 TerS regulates the enzymatic activity of P74-26 TerL. (A) 
P74-26 TerS increases ATPase activity of P74-26 TerL 4.4-fold, (B) P74-26 TerS 
decreases P74-26 TerL nuclease activity 3.3-fold. 
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Figure 3.3. Negative stain of P74-26 TerS. Negative stain of P74-26 TerS 
shows that particles are homogenous and evenly dispersed. 2D classification 
(inset) shows an even distribution of top and side views. 
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Figure 3.4. cryoEM samples of P74-26 TerS have preferred orientation. (A) 
CryoEM micrograph shows primarily top and bottom views of the TerS ring. 
Image taken on FEI Talos Acrtica at 200 kV with a Gatan K2 Direct Detector. (B) 
3D reconstruction lacks density in center of ring (side view) due to preferred 
orientation.  
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To increase particle side views, we used a combination of sample 
additives and tilted data collection. Out of the many additives tested, such as 
CHAPS, NP40, LMNG and octyl-β-glucoside, amphipol A8-35 appeared to have 
the greatest effect on particle view distribution. After collecting a set of un-tilted 
images, we used a 30° tilt to obtain additional particle views (Figures 3.5A-C). 
Initial 3D classification of the combined datasets produces six different classes, 
several of which are of particular interest (Figure 3.6A). Classes 1 and 6, which 
account for over 50% of all particles, show apparent 9-fold symmetry. 
Asymmetric refinement of these combined classes generates a reconstruction 
with an overall resolution of 4.5 Å (Figures 3.7A-C). The features of this 
reconstruction remain 9-fold symmetric. Therefore, we refined class 1, the best 
resolved class containing 84,460 particles, with C9 symmetry to further improve 
the resolution. 3D refinement of class 1 with imposed symmetry results in a 
reconstruction of the TerS ring to an overall resolution of 3.8 Å (Figure 3.8A-C).  
Using the symmetric reconstruction we built an atomic model of P74-26 
TerS (Figures 3.9A-C). The model was constructed using the g20c TerS crystal 
structure as a starting point (PDB: 4XVN), which has 98.2% amino acid 
sequence identity to P74-26 TerS. In P74-26, each TerS monomer has a N-
terminal helix-turn-helix motif and an oligomerization domain with two antiparallel 
helices. These helices stack against the oligomerization domain helices of the 
neighboring subunit, forming a ring with a central pore. The arrangement of 
helices in the pore is highly reminiscent of the central oligomerization domains of   
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Figure 3.5. Tilted and un-tilted data collection on gold grids. Image taken on 
FEI Talos Acrtica at 200 kV with a Gatan K2 Direct Detector. (A) un-tilted and (B) 
30° tilted micrographs were used to provide side views of the P74-26 complex. 
(C) Angular distribution of particles for asymmetric reconstruction of classes 1 
and 6. The TerS particles still show preferred orientation, but enough side views 
are captured for 3D reconstruction.  
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Figure 3.6. P74-26 TerS classification. (A) Asymmetric 3D classification shows 
9-fold symmetry in the TerS ring. (B) P74-26 TerS 2D classes show blurred 
density where C-terminal region should be (red arrows).  
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Figure 3.7. Asymmetric refinement of classes 1 and 6. (A) 4.5 Å resolution 
asymmetric 3D reconstruction of the P74-26 TerS ring shows 9-fold symmetry 
(top). (B) Side view of TerS reconstruction. (C) Gold-standard FSC curve of class 
1 and 6 asymmetric 3D reconstruction. Flat line represents the FSC 0.143 cutoff. 
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Figure 3.8. Symmetric refinement of class 1. (A) 3.8 Å resolution C9 
symmetric 3D reconstruction of the P74-26 TerS ring (top). (B) Side view of TerS 
reconstruction. (C) Gold-standard FSC curve of symmetric 3D reconstruction. 
Flat line represents the FSC 0.143 cutoff. 
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Figure 3.9. Model of P74-26 TerS. (A) Built atomic model in 3.8 Å resolution 
P74-26 TerS symmetric reconstruction (top). (B) Side view of atomic model in 
TerS reconstruction. (C) Top view of atomic model, with helix-turn-helix domains 
and oligomerization domains labeled. (D) In each subunit, alpha-helix 5 packs 
into the crevice formed by alpha-helices 4 and 5 in the counter-clockwise subunit. 
For simplicity, only two subunits (pink and yellow) are shown. 
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SF6 and 44RR TerS, with ɑ-helix 5 of the oligomerization domain positioned in 
the crevice between ɑ-helices 4 and 5 of the counter-clockwise subunit49,87 
(Figure 3.9D). The central oligomerization domains appear to be well-ordered, as 
local resolution of the 3D reconstruction shows the center of the pore has the 
highest resolution at 3.6 Å (Figure 3.10A and B). The poorest resolution, as low 
as 4.5 Å, is found around the perimeter of the ring in the helix-turn-helix motifs, 
which extend off the N-termini of the oligomerization domains like the spokes of a 
wheel (Figure 3.10A and B). 
Surprisingly, the last 35 C-terminal residues of the protein are missing in 
the reconstruction. In mesophilic TerS proteins, this region forms a β-barrel with 
neighboring subunits and is responsible for TerL binding50,86–88. Both asymmetric 
and symmetric TerS reconstructions lack density for this region (Figures 3.7B, 
3.8B, 3.12B). In 2D classification, side views of the protein are blurred where the 
C-terminal region should be, indicating the region is present, but not resolvable 
due to high flexibility or lack of defined structure (Figure 3.6B). Interestingly, 
secondary structure prediction designates this region as an ɑ-helix that is 
connected to the oligomerization domain by a loop (Figure 3.11). This is a 
surprising finding, as β-barrels are found in all TerS structures to date50,86,87, and 
are predicted with high confidence for Shigella phage Sf6 and Bacillus phage 
SF6 (Figure 3.11). For P22 phage, the secondary structure prediction omits the 
β-barrel present in the crystal structure from residues 129 to 135, designating this 
region as looped/unstructured. Interestingly, the secondary structure of the most  
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Figure 3.10. Local resolution of the P74-26 ring. Highest resolution of the P74-
26 TerS ring is in the center of the pore, while the lowest resolution is in the helix-
turn-helix domain. (A) Top view of the ring (B) Side view of the ring. 
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Figure 3.11. Secondary Structure Prediction of TerS proteins. Secondary 
structure was predicted using the JPred4 algorithm207. ‘jetnetpred’ indicates the 
consensus prediction (red tubes for helical regions, green arrows for beta 
regions). ‘JNETCONF’ indicates the confidence estimate for the prediction (0-9). 
High values indicate high confidence, while low values indicate low confidence. 
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C-terminal region of P22, which is not resolved in the crystal structure, is also 
predicted to be ɑ-helical. Secondary structure prediction algorithms suggest this 
region is ɑ-helical with high confidence, a finding previously suggested by other 
groups as well50. From these findings, we speculate both P22 and P74-26 TerS 
proteins use an ɑ-helical motif to bind their respective TerL components. 
In other TerS structures, such as SF6 and Sf6, the helix-turn-helix motifs 
are flexible in regards to the central oligomerization domain85–87. This flexibility 
permits the helix-turn-helix motifs, termed ‘DNA binding domains’ in these 
phages, to stagger during DNA wrapping, allowing DNA to adopt a less  
constrained conformation. To investigate if the same conformational changes 
occur between the helix-turn-helix motifs of P74-26 TerS, we used several 
methods. First, we refined the asymmetric structure of class 5, the most 
asymmetric class with 86,969 particles. As other TerS structures show 
movement in the N-terminus85–87, it is possible the missing helix-turn-helix 
domain in this class is due to the inherent flexibility of this region. 3D refinement 
produces a reconstruction to an overall resolution of 4.8 Å (Figure 3.12A-C). The 
reconstruction was used to create an atomic model of the class 5 structure by 
rigid body fitting each domain of the symmetrical model into the density (Figure 
3.12D). Upon comparing each chain of the class 5 asymmetric model to all other 
chains within the model, no differences in helix-turn-helix motif orientation relative 
to the oligomerization domains were observed (Figure 3.12E). To determine if the 
missing helix-turn-helix motif is the result of proteolysis rather than protein  
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Figure 3.12. Asymmetric class 5 reconstruction of P74-26 TerS. (A) 4.8 Å 
resolution C1 symmetric 3D reconstruction of the class 5 P74-26 TerS ring (top) 
shows a missing DNA binding domain. (B) Side view of TerS reconstruction. (C) 
Gold-standard FSC curve of symmetric 3D reconstruction. Flat line represents 
the FSC 0.143 cutoff. (D) Class 5 atomic model in 3D reconstruction. (E) 
Superposition of chains A (dark blue) and C (light blue) of class 5 asymmetric 
model showing no conformational changes. (F) SDS-PAGE gel of P74-26 
showing proteolysis (red arrow), the likely cause of the missing DNA binding 
domain. 
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flexibility, we ran concentrated purified protein on an SDS-PAGE gel. The gel 
shows minor proteolysis of TerS, with a band at the approximate size of a subunit 
missing a helix-turn-helix motif (Figure 3.12F). Using gel densitometry, we 
estimate that approximately 4.5% of the protein is proteolysed at this size, which 
is comparable to the 3% estimated by cryoEM. This suggests that the missing 
helix-turn-helix motif in class 5 is due to proteolysis, rather than conformational 
heterogeneity within the TerS ring. 
We further probed for heterogeneity between the helix-turn-helix domains 
within classes 1 and 6. First, multibody refinement was used to examine potential  
movement between a single helix-turn-helix motif and the remainder of the TerS 
complex. Separate masks were generated between the helix-turn-helix motif and 
the remainder of the protein. Multibody refinement shows movement between the 
two bodies, however the small size of the helix-turn-helix motif (~6 kDa) prevents 
accurate refinement of the body (Figure 3.13A). Therefore, it is inconclusive 
whether the movement seen is a result of different conformations of the helix-
turn-helix, or poor alignment due to insufficient signal from this region. To look at 
a larger part of the protein, focused classifications were done on a TerS 
monomer. First, symmetry expansion was implemented to align all monomers 
within the particle set. Particle subtraction was then used to remove the signal 
from the remaining eight subunits within the ring, and a focus mask was 
generated around the remaining subunit. 3D classification was performed on the 
expanded particle set to search for different conformations within the monomer.  
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Figure 3.13. Multibody refinement and focused classification. (A) Multibody 
refinement of a single helix-turn-helix domain shows very small movements 
between initial (blue) and final (purple states) states, however the DNA binding 
domain itself cannot be refined (inset). (B) Focused classification of a single TerS 
subunit into four classes shows poor alignment due to the small size of the 
refined region. 
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Despite the increased signal from using a larger portion of the protein (~19k Da), 
the resulting four classes split evenly into reconstructions with patchy density, 
indicating poor alignment of the domain, again likely due to insufficient signal 
from the region (Figure 3.13B).  
 
Comparison of the P74-26 TerS helix-turn-helix domain to mesophilic TerS 
structures 
The presence of helix-turn-helix domains on the perimeter of the P74-24 
TerS ring suggests DNA wraps around the assembled complex. This DNA- 
wrapping mechanism has also been hypothesized for Sf6, SPP1, and T4-like 
phages 85–87,209. In comparison to Shigella phage Sf6 TerS crystal structures, the 
P74-26 helix-turn-helix motifs extend outward and rotate 56° counter-clockwise 
with respect to the central oligomerization domains (Figure 3.14A). This rotation 
positions ɑ-helix 3, a helix predicted to bind the major groove, nearly 
perpendicular to the central oligomerization domains, whereas in Sf6 this helix is 
at a 70° angle relative to the oligomerization domains. With Bacillus SF6, the 
helix-turn-helix motifs are tethered to the oligomerization domains by highly 
flexible linkers, and the visible helix-turn-helix motifs are positioned in 
dramatically different conformations within the same crystal structure87. In 
relation to the ‘down’ pointing domain, the most similarly positioned SF6 helix-
turn-helix motif, the P74-26 helix-turn-helix motif is rotated 53° clockwise with 
respect to the oligomerization domain (Figure 3.14B). Therefore, in comparison  
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Figure 3.14. Structural alignments of P74-26 and mesophilic TerS proteins. 
The oligomerization domains of single subunits were aligned. (A) Alignment of 
the symmetric P74-26 TerS model (tan) with Sf6 phage TerS (pink; PDB 3HEF) 
shows the Sf6 TerS DNA binding domain is rotated 56° in relation to the P74-26 
helix-turn-helix motif (B) Alignment of the symmetric P74-26 TerS model (tan) 
with SF6 phage TerS (green; PDB 3ZQQ) shows the SF6 DNA binding domain 
rotates 53° related to P74-26 helix-turn-helix domain.  
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to Sf6 and SF6 TerS proteins, the helix-turn-helix domains of the P74-26 TerS 
model are oriented differently in relation to the oligomerization domains, 
suggesting there are mechanistic distinctions in how the three TerS proteins bind 
DNA.  
Interestingly, the ‘turn’ of the helix-turn-helix domain in P74-26 TerS 
contains basic and polar residues. These residues, specifically Lys31, Arg32, 
Lys33, and Thr35, may potentially bind the DNA phosphate backbone. In SF6, it 
was confirmed that residues in this ‘turn’ region conferred a non-specific effect on 
DNA recognition84. From this, we predict that the ‘turn’ region of the P74-26 helix-
turn-helix domain primarily binds DNA phosphates through non-specific 
interactions with basic and polar residues. 
 
Discussion 
Our discovery and characterization of the P74-26 small terminase has led 
to several observations regarding viral motor assembly. Previously, it seemed 
that the β-barrel feature of the C-terminal region was conserved throughout 
phage, as the presence of a β-barrel has been shown to restrain the 
oligomerization state of the complex49,87. In other systems, removing the barrel 
results in polydisperse oligomers49,87, which is thought to occur because the 
formation of the barrel requires strict interactions between β-strands of 
neighboring subunits. However, in our extensive analysis of the cryoEM data, we 
find no evidence of β-barrel formation, yet our TerS assemblies remain 
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completely monodisperse according to SEC-MALS (Figure 3.1B). Therefore, in 
phage such as P74-26 TerS, a β-barrel is not critical for retaining correct 
stoichiometry.   
Additionally, it is known that the TerS C-terminal region makes critical 
contacts with the large terminase for packaging50,88. This raises the question of 
how the small terminase of this thermophilic phage binds TerL, and what the 
nature of this interaction is. It is possible that P74-26 TerS requires a stimulus, 
such as DNA binding, TerL, or a different protein to order the C-terminal region. 
Circular dichroism studies of TerS and TerL do not show significant differences in 
secondary structure upon mixing the two samples, indicating that secondary 
structure does significantly change in either protein (Figure 3.15). It is possible in 
these experiments that the difference may be too subtle to detect, as the putative 
β-strands would contribute less to signal than ɑ-helices in circular dichroism. Due 
to the chirality of DNA, the experiment was not attempted with DNA. Future 
studies will assess whether DNA binding orders the TerS C-terminal region, 
along with exploring the nature of the TerS/TerL interaction. 
Currently, there are several hypotheses for how P74-26 TerS binds DNA. 
First, P74-26 TerS likely uses the ‘turn’ of the helix-turn-helix motif to interact with 
the DNA backbone. The concentration of basic residues in this region (Lys31, 
Arg32, Lys33) creates a positively-charged surface (Figure 3.16A and B), which 
could potentially interact with negatively-charged DNA phosphates. In SF6 TerS 
DNA binding studies, it was shown that the ‘turn’ and N-terminal region of ɑ-helix  
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Figure 3.15. Circular dichroism of P74-26 TerS and TerL. Circular dichroism 
of P74-26 TerS and TerL unmixed (red) and mixed (pink) samples do not show 
significant changes in protein secondary structure (alpha:beta signal in table) 
when the two proteins are mixed. 
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Figure 3.16. Electrostatics of P74-26 TerS ring. (A) Top and (B) side views of 
P74-26 TerS electrostatics using the APBS Pymol Plugin (Delano Scientific)192. 
Blue coloring indicates a net positive charge, while red coloring indicates a net 
negative charge. Positive charges are concentrated in the helix-turn-helix 
domains and the center of the TerS pore. 
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3 contributed to non-specific DNA binding84, demonstrating the importance of this 
region for recognizing DNA. In P74-26, the distance between these ‘turn’ regions 
is approximately 11 bases of DNA, which compares favorably with the known 
10.5 bases per turn configuration of double-stranded B-form DNA. This indicates 
the DNA phosphate backbone may properly align with the charged loop region, 
and thus the loop is positioned ideally for DNA binding. From local resolution 
estimation, the loop also appears to be flexible, as indicated by the lower 
resolution of this region (Figure 3.10). This flexibility may allow the loop adopt 
different conformations to further accommodate DNA binding. 
Second, the different orientation of the helix-turn-helix domains in P74-26 
TerS suggests there could be a functional distinction between how the 
thermophilic small terminase binds DNA compared to its mesophilic relatives. In 
all cases, the predicted major groove binding helix (ɑ-helix 3) is positioned 
differently between the three phage types. Since phage must be able to 
recognize their own DNA in a sea of other bacterial and phage DNA, the 
differences in motif orientation may provide additional DNA recognition 
specificity. Future mutational studies of the helix-turn-helix motifs and 
surrounding regions will determine their roles in sequence recognition. 
Third, although asymmetric reconstructions and local resolution estimation 
of the ring do not indicate flexibility between the helix-turn-helix motifs in P74-26 
TerS, it is possible the motifs rearrange in the presence of DNA or higher 
temperature. Under different conditions, P74-26 TerS may adopt similar 
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conformations seen in Sf6 and SF6. Additionally, DNA-induced conformational 
changes could promote sequence-specific interactions of DNA with other regions 
of TerS. Future studies will determine the pliability of the helix-turn-helix motifs of 
P74-26 TerS in relation to outside factors and how it relates to sequence 
recognition. 
Finally, despite the presence of helix-turn-helix motifs on the P74-26 TerS 
perimeter, we cannot exclude DNA binding in the TerS pore. The narrowest part 
of the P74-26 TerS pore has a 29 Å diameter, which is large enough to 
accommodate double-stranded DNA (~20 Å in diameter). In certain related 
mesophilic phages, such as Shigella phage Sf6, the pore is too narrow for 
double-stranded DNA to bind, eliminating this region as a potential DNA binding 
surface. In contrast, for P22 bacteriophage TerS, the hypothesized DNA binding 
mechanism is within the pore region50, and it is possible P74-26 TerS binds DNA 
in a similar manner. Viewing the electrostatic surface potential of P74-26 TerS, 
there are several positively charged rings within the pore alongside negatively 
charged areas (Figure 3.16A and B). This area may potentially form a DNA 
binding interface which simultaneously attracts and repels the DNA phosphate 
backbone, propelling it into the motor. Interestingly, it’s predicted that P22 has an 
ɑ-helical C-terminus following the β-barrel, similar to the secondary structure 
prediction of P74-26 TerS50. However, it is of note that P22 TerS structures lack 
helix-turn-helix motifs on the perimeter of the ring, differentiating this structure 
from P74-26 and other TerS proteins. 
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As we gather more information about TerS proteins, we can assemble a 
clearer picture of how TerS proteins bind viral DNA and TerL, and how 
secondary, tertiary, and quaternary structure dictates the recognition mechanism 
(Table 3.1). For example, in TerS proteins with a ɑ-helical C-terminal regions, 
does DNA thread through the pore? Or does every TerS with a helix-turn-helix 
motif wrap DNA around the ring? Perhaps both? Future studies will determine if 
there is a modular nature to TerS domains, which may be useful to engineer 
motors to specifically recognize and transport nucleic acid-based therapeutics. 
Together, our work presents a novel thermophilic system for studying 
small terminase proteins and their role in viral maturation. To our knowledge, this 
is the first atomic resolution cryoEM structure of a small terminase protein, and 
also the first with an alternate conformation of the C-terminal region. Future 
studies of the P74-26 motor will elucidate the conformation of the C-terminal 
region and its role in TerL binding and enzymatic regulation, as well as the DNA 
binding mechanism of the TerS assembly.   
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CHAPTER IV 
  
  
Discussion 
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Summary of Dissertation Work 
 For my dissertation studies, my work focused on the mechanisms of viral 
motor DNA translocation and DNA recognition. In Chapter II, I detail my studies 
on the TerL ATPase, the enzymatic workhorse of the motor. In Chapter III, I 
present my work on the motor TerS subunit, which recognizes and binds viral 
DNA for packaging. Together, my studies have broadened our understanding of 
viral maturation by identifying critical motor features for assembly and 
mechanism. 
In Chapter II, I show TerL motors use a trans-activated ATPase 
mechanism to regulate ATP hydrolysis. Using apo P74-26 TerL ATPase domain 
crystal structures, I identify critical residues for ATP hydrolysis and DNA binding. 
With molecular docking and SAXS, we create a ring model for TerL ATPase 
assembly. We also solve a second TerL ATPase domain crystal structure bound 
to ADP•BeF3, a non-hydrolyzable ATP analog. This structure shows a 13° rigid 
body rotation of the lid subdomain in relation to the apo structure, indicating a 
lever-like conformational change occurs during the ATPase cycle.  
With these results, we generate models for both TerL motor assembly and 
DNA translocation. In our structural model, the ATPase domains form the central 
‘hub’ of the motor, with the nuclease domains attached to portal. The motor ring 
grips DNA in the center of the ring through interactions of basic residues with 
DNA phosphates. Within the ring, the lid subdomain contacts a neighboring 
subunit, anchoring it in place. Upon ATP hydrolysis and release, the lid 
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subdomain rotates 13°. Since the lid subdomain is held in place by the 
neighboring subunit, the rotation transmits through the remainder of the ATPase 
domain. This conformational change pushes DNA upward into the capsid 8 Å in a 
‘lever’-like movement. After the translocation step, the motor subunit releases 
DNA to a neighboring subunit, continuing the translocation cycle. 
 In Chapter III, I present my work on the P74-26 thermophilic TerS subunit 
of the motor. For this project, I develop and characterize the P76-26 TerS system 
for studying viral motor DNA recognition. I identify gp83 as the P74-26 TerS 
protein, and show the gp83 subunits oligomerize into a stable nonameric 
assembly. I demonstrate P74-26 TerS exhibits the characteristics of other TerS 
proteins, such as DNA binding, TerL ATPase activity stimulation, and TerL 
nuclease activity inhibition. I then solve asymmetric and symmetric cryoEM 
reconstructions of the TerS complex. With the reconstructions, I observe the C-
terminal β-barrel of the complex, conserved in all other TerS structures39,49,50,86,87, 
is absent, and thus the region appears to be unstructured or highly flexible. 
Secondary structure prediction indicates the C-terminal region may not form a β-
barrel, and instead is α-helical. In addition, we find the helix-turn-helix motifs in 
P74-26 TerS are quite rigid in comparison to other mesophilic systems, and the 
pore is wide enough to accommodate dsDNA. 
Together, our findings suggest a β-barrel may not be essential for P74-26 
TerS assembly and TerL regulation. P74-26 TerS may be able to regulate its own 
assembly and TerL activity using a yet-to-be-discovered mechanism. In terms of 
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the DNA binding mechanism, P74-26 TerS appears competent to either wrap or 
thread DNA, warranting additional exploration of the P74-26 TerS DNA binding 
mechanism. These studies establish P74-26 TerS as a system for studying viral 
DNA recognition, with the cryoEM structure serving as a platform for future DNA 
binding studies. 
 
Future directions 
Structures of the TerL motor 
 Although research in the past several decades has elucidated important 
viral motor packaging steps, there are still many unanswered questions. First, 
there are no high resolution structures of assembled motors. While numerous 
models exist for motor oligomerization and DNA translocation, a full motor 
structure is needed to complement these studies. Visualizing the conformational 
transitions, intersubunit interactions, and DNA gripping contacts will shed light on 
how the motor generates the power to package DNA against the immense back 
pressure inside the capsid.  
Assembled viral motors are difficult to crystallize, and all attempts to date 
produce monomeric TerL structures37–39,41,210. This may be because many ASCE 
ATPase rings are asymmetric, possibly impeding crystal lattice formation. In the 
past, many crystal structures of ASCE rings used nucleic acid to stabilize the 
complex by scaffolding the assembly158–161. DNA in crystallography can be 
difficult to optimize, as its length must match the complex footprint closely to 
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encourage crystal lattice formation. To date, there are no published viral motor 
crystal structures with DNA. 
To overcome this challenge, cryoEM is an ideal technique. Single particle 
cryoEM has the ability to deal with heterogeneity and asymmetry because 
particles are treated individually. Thus far, cryoEM on isolated motor components 
is problematic, as the majority of motors do not assemble in the absence of portal 
and capsid. For those capable of assembling in isolation, aggregation prohibits 
proper structure determination. Our system, P74-26 TerL, is no exception. While 
P74-26 TerL assembles in vitro at high concentrations, it has a propensity to 
disassemble and aggregate in both cryo and negative stain conditions, making it 
a difficult sample to optimize.  
Despite these challenges, a cryoEM structure of an actively packaging 
motor is feasible, and has already been accomplished at low resolution by other 
groups41. By using an in vitro packaging system, the TerL proteins assemble on 
portal and capsid, preventing aggregation. Furthermore, DNA may facilitate 
assembly. Forked DNA substrates for stalling the motor were previously 
designed111,118, and these can be used to lock the motor in place for high-
resolution structure determination (Appendix 2). Additionally, non-hydrolyzable or 
slowly-hydrolyzing ATP analogs (such as ADP•BeF3 or ATPγS) can be used to 
trap the motor in a translocating state. With these reagents, a cryoEM structure is 
achievable. 
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The largest barrier to determining the structure of an actively packaging 
motor is creating a cryo-compatible packaging system. In many systems, such as 
P22, in vitro packaging is not possible despite decades of attempts. In the 
systems with established in vitro packaging reactions, the components are often 
not cryo-compatible. In the majority of cases, the packaging reactions need high 
molecular weight PEGs or active protein cannot be purified without glycerol. For 
P74-26, we developed an in vitro packaging reaction in which TerL is active 
without glycerol, but still requires PEG. In the future, we will further optimize this 
reaction to use lower amounts of PEG, or employ dialysis to remove the PEG 
post-packaging reaction. 
 
Single-molecule studies of the TerL motor 
Even without a structure of the TerL motor, there are numerous avenues 
to pursue regarding viral motor mechanism. A major unexplored area is single-
molecule studies with the thermophilic motor, as were performed with the phi29 
motor48,56,58,64,65,211. While phi29 genome packaging is elucidated to fine detail, 
the field currently understands the terminase motor DNA translocation cycle to a 
lesser degree. For instance, do terminases also hydrolyze ATP in a sequential 
order? What is their step size? Is there a similar ‘special’ subunit? Do they follow 
a similar chemomechanical cycle? Given there are considerable differences in 
DNA translocation speeds of phi29 and terminases, it is possible the two types of 
motors regulate packaging differently. Single-molecule optical trap experiments 
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are a powerful tool to assess DNA translocation step size, speed, and 
chemomechanics. In the future, our lab would like to explore how terminases 
differ from phi29 motors on a deeper level using single-molecule work. 
Furthermore, these studies will assess how thermophilic motors differ from 
mesophilic motors. From this, we will learn how thermophilic motors perform their 
roles within the extreme conditions they inhabit. 
 
TerL linked-construct 
Little is known about the order of ATP hydrolysis in terminase motors. 
Phi29 motors use a sequential ATP hydrolysis order, which is untested in 
terminase systems. To address this question, I created the single-chain 
polypeptide construct (linked-construct) described in Appendix 1. Linking the 
pentameric motor into a single polypeptide chain allows for absolute control over 
motor assembly and mutation placement, which batch experiments cannot 
guarantee. With this tool, we can mutate specific ATPase sites within the ring 
and assess how the mutations affect assembled ATPase activity, similar to the 
work performed with ClpX180,194,212–217. Outside determining the order of ATP 
hydrolysis, the linked-construct has numerous applications. We can tag the 
construct for fluorescent studies to observe motor dynamics194 and also use it in 
conjunction with single molecule studies for DNA translocation. Another major 
application of the linked-construct is cryoEM. Linking the subunits prevents motor 
dissociation, and lowers protein concentrations for grid preparation, decreasing 
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the chances of sample aggregation. With the linked-construct, it may be feasible 
to determine the structure of the TerL motor. 
 
TerS and DNA binding 
 The work described in Chapter III of this dissertation positions this project 
for further exploration of the TerS DNA binding mechanism. With a structure, we 
can pinpoint areas within the pore and/or helix-turn-helix motifs to probe for DNA 
affinity. To start, the residues in the ‘turn’ region (Lys31, Arg32, Lys33, Thr35) will 
be mutated, and DNA binding will be assessed by EMSA, as shown in Chapter 
III. Additional residues to test in the helix-turn-helix motif are those in helix 3, 
which in other helix-turn-helix proteins binds the DNA major groove218. Within the 
pore, there are several residues to probe for DNA binding as well. These include 
Arg108, Arg118, and Lys121. Determining whether these mutations affect DNA 
binding will show which region of the protein binds DNA.  
 If residues in the helix-turn-helix motif appear involved in DNA binding, we 
will further explore the wrapping mechanism using FRET. For this, we will use 
DNA that is approximately the same length as the ring circumference (for P74-
26, this would be a 100 nucleotide long fragment of dsDNA) and conjugate 
appropriate FRET pairs to either end of the DNA. If the DNA wraps around the 
TerS ring, we expect to see high FRET efficiency, whereas low efficiency 
indicates a non-wrapping mechanism. This experiment will give insight into 
whether TerS truly wraps DNA or binds DNA in a non-wrapping fashion. 
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CryoEM of P74-26 TerS and DNA 
 Future directions of the TerS cryoEM project include a structure of TerS 
bound to DNA. Initial attempts at this structure were unsuccessful due to the low 
affinity of TerS for DNA in vitro. The DNA concentration needs to be very high to 
ensure efficient DNA binding, likely in the millimolar range. DNA shows high 
contrast in cryoEM, and unbound DNA causes excessive background in the 
images. In order to obtain a TerS with DNA structure, we will crosslink DNA to 
the complex. Ideally, crosslinked TerS:DNA will be removed from excess DNA 
though immunoprecipitation or affinity tag purification. With this sample, we will 
directly visualize how TerS binds DNA to gain insight into viral genome 
recognition.   
 
P74-26 TerS genome binding site identification  
For all DNA binding experiments, we can use gp83 DNA, as P74-26 TerS 
has some affinity for this region (Chapter III). However, in the future we will 
identify the true binding site for P74-26. A recent study of the highly similar phage 
P23-45 identified a pac cleavage site between genes 77 and 7818. In P74-26, an 
identical site is found within an analogous region between genes 76 and 77. The 
pac cleavage site location in this region suggests TerS binds nearby, but no true 
TerS binding sequence is known. 
 To identify the binding site for P74-26 TerS, we can PCR amplify this 
region from the P74-26 genome and evaluate discrete sections for TerS DNA 
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binding with EMSA. In this manner, we will identify the minimal TerS recognition 
sequence. If we are unable to locate a discrete binding site in this region, we will 
look outside the area using a ChIP-seq-like experiment. In this experiment, we 
crosslink TerS to P74-26 genomic DNA. We then shear the DNA, and a TerS-
specific antibody immunoprecipitates TerS bound to DNA fragments. The DNA 
fragments are sequenced, and the data is analyzed to search for TerS 
enrichment sites. We will then perform in vitro binding experiments to verify 
putative TerS binding sites. Identifying these sites will provide us with an optimal 
sequence for DNA binding experiments. 
 
Exploring the modular nature of TerS 
In Chapter III, my work explores the idea that some regions of the TerS 
protein are dispensable for DNA recognition and TerL enzymatic regulation. I find 
that P74-26 does not have the conserved C-terminal β-barrel domain, which all 
other known TerS structures contain49,50,85–87. Secondary structure predictions 
suggest the P74-26 C-terminal region is ɑ -helical rather than β-stranded. 
Interestingly, in P22 TerS, secondary structure prediction suggests the C-
terminus ends in an ɑ-helix50. In P22 TerS, there are no helix-turn-helix motifs, 
raising the hypothesis that DNA binds in the center of the pore. Since the C-
terminus of TerS binds to TerL, the conformation of the protein in this region is 
important for dictating this interaction. Perhaps an α-helical C-terminus promotes 
a coaxially stacked interaction, whereas something that interacts in a 
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perpendicular fashion may use a different motif. Future studies will address the 
structure of the TerS C-terminal region and how it interacts with TerL. 
To explore the nature of the TerS C-terminus, we will alter the C-terminal 
region to replicate other TerS protein C-termini. Similar chimeric proteins have 
already been made; in one study the domains of Sf6 and P22 were interchanged 
to show that the N-terminal Sf6 domains are specific to the Sf6 pac site82. Further 
chimeric constructs will elucidate the core principles of how phage DNA is 
recognized and transferred to TerL. With a deep understanding of these 
principles, these concepts can be applied to optimize nucleic-acid based 
nanotechnology to bind and transfer DNA in the most efficient manner. 
 
Characterizing the TerS and TerL interaction 
 Another future direction is characterizing the TerS and TerL interaction. 
We know from the cryoEM structure that the P74-26 TerS C-terminal region is 
unstructured or highly flexible. Given these findings, it is unclear how TerS and 
TerL interact. A large portion of this interaction will be dictated by how DNA binds 
TerS. If DNA binds in the center, a coaxially stacked interaction is the likely 
configuration of the two proteins (Figure 4.1B). In this model, DNA threads 
through the center of TerS into the TerL pore. In a second model, where DNA 
wraps around the TerS ring, TerS and TerL may bind in a perpendicular fashion 
(Figure 4.1A). This allows for DNA to both wrap around TerS and thread into 
TerL. 
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Figure 4.1. Potential TerS:TerL binding interactions. TerS (red) may interact 
with TerL (blue) in a (A) perpendicular manner, where DNA wraps around the 
TerS ring and threads into TerL or (B) a coaxially stacked manner, where DNA 
threads through the TerS and TerL pores. 
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Currently there are no high resolution structures of the TerS:TerL 
complex. Negative stain attempts with mesophilic systems produce difficult to 
interpret low resolution structures219. Future directions for this project include 
using cryoEM to obtain a reconstruction of the complex. As mentioned, TerL is 
challenging to use in EM because of its propensity to disassemble and aggregate 
on grids. It is possible to use crosslinking to prevent this and promote assembly. 
Additionally, DNA may encourage complex formation, and could ensure 
production of a biologically relevant complex.  
 If TerL assembly and aggregation prevents structure determination, the 
linked-construct may assist in overcoming these barriers. A caveat to this 
construct is that the stoichiometry of TerS to TerL in the biological complex is 
unknown. It is possible that only a few TerL subunits bind the TerS ring, which 
has been suggested in other models49,219. In these models, TerS hands DNA off 
to one or more TerL subunits, which bind DNA and then fully assemble on portal. 
Since the linked-construct is fully pentameric, this may obscure the true 
stoichiometry of the complex. However, the interactions between TerS and TerL 
may still be preserved, and the structure of the two together is worth pursuing for 
this reason. 
 Even without a structure of TerS and TerL, we can still analyze the 
interactions between the two proteins. Mutational analysis of the P74-26 TerS C- 
terminal region will determine which residues are important for TerL binding. 
ATPase assays are an appropriate readout strategy, as mutations that abrogate 
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the TerS:TerL interaction will decrease TerL ATPase stimulation. Additionally, 
crosslinking in conjunction with mass spectrometry may also show which TerS 
regions interact with TerL. It is also worthwhile to repeat the circular dichroism 
studies under diverse conditions. P74-26 is thermophilic, and heat may reveal 
structure changes within the complex that are otherwise unseen at room 
temperature. Together, these studies will elucidate how TerS binds to TerL to 
transfer DNA and regulate TerL activity. 
 
Perspectives 
The viral motor and ASCE ATPase field 
 The work I completed in my dissertation has uncovered important findings 
in both the viral motor and ASCE ATPase fields. My work on viral motor ATPases 
(Chapter II) was the first to introduce a trans-activated ATPase mechanism to the 
viral packaging field. Prior to this work, it was believed ATPase activity was 
controlled in cis because available models positioned the ATPase domains in 
isolation from eachother41. Introducing the trans model reconciled viral motor 
ATPase mechanism with other findings in the ASCE ATPase field, unifying viral 
motors with other ASCE ATPases through conserved mechanism. 
 Since its introduction, the trans ATPase mechanism was widely adopted 
by other bacteriophage systems. Multiple systems have since identified trans-
acting arginine fingers in the TerL ATPase, strengthening its place in the viral 
motor literature36,45,210. Interestingly, in phi29 motors, the arginine finger resides 
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in a different position of the ATPase fold27,36,37. As the arginine finger acts in 
trans, alteration in position indicates the phi29 and terminase motors assemble 
differently. This finding begs the question as to how ATPases with different 
topologies perform the same role. Future studies will address this concept and 
add further insight into structure/function relationships of ASCE ATPases.  
 In terms of mechanism, the ‘lever’ model introduced in Chapter II is novel 
to the viral motor packaging field. With the lever model, we presented a different 
way for DNA to be translocated based off of ASCE ATPase knowledge and 
observations with the P74-26 system. With our model, we suggested a 
mechanism for force generation, assembly, and intersubunit coordination, which 
may apply to other ASCE ATPase proteins as well. Hopefully, our work will be 
used by others in the ASCE ATPase field to understand the mechanisms 
governing their own systems. 
 My work with the small terminase (Chapter III) introduced a new structure 
and model system for studying TerS DNA recognition. This structure showed not 
all TerS proteins have a C-terminal β-barrel, and provided a new platform to 
understand TerS assembly and TerL recognition. To my knowledge, it is also the 
first atomic resolution cryoEM structure of a TerS protein. CryoEM has great 
potential for use in studying other viral motor proteins, and I hope that this work 
will encourage others to consider EM with their own systems. Many mesophilic 
systems express protein poorly, and EM is a way to progress structural studies 
despite this issue. 
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 One important note about the cryoEM dataset is that I used a tilted-data 
collection strategy to overcome severe particle preferred orientation220. While this 
is not a novel technique, for smaller particles many electron microscopists refrain 
from collecting tilted data due to thicker ice and subsequent particle contrast loss. 
While these are certainly barriers in tilted data collection, this work shows sub-4 
Å structures are achievable with the tilted collection strategy. Preferred 
orientation is a common problem in cryoEM, and although initial optimization 
should be made at the level of sample preparation, tilted data collections are a 
valuable tool for overcoming this issue. 
 
Prospects for drug design and delivery  
Viral motors can be targeted with small molecule inhibitors for therapeutic 
use. Herpesviruses are among the human pathogens that use a terminase motor 
for maturation, and exposure to herpesviruses has been linked to birth defects221, 
cancer222 and meningoencephalitis223. Developing inhibitors against the motor 
will prevent virus propagation, making infections easier to control. Currently 
available terminase inhibitors against herpesviruses quickly evolve resistance 
mutations that make them less effective224–227. These inhibitors require 
optimization, and studies of viral motor structure and mechanism will contribute 
to their development. Future prospects involve engineering better inhibitors to 
prevent the maturation and replication of these herpesvirus for the purpose of 
preventing virus-related complications.  
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Finally, the study of motor structure and mechanism will lead to new 
biotechnological applications. It is easy to imagine roles for the motor in 
nanomaterials for targeted delivery of biological cargo. For example, the pRNA of 
phi29 has already been used as a therapeutic delivery device228–231, and the 
portal was recently engineered as a nanopore for sensing various 
biomolecules232. It is possible that the motor itself can be engineered to package 
materials into nanoparticles to deliver nucleic acid based therapeutics. 
Additionally, understanding how the small terminase recognizes DNA will 
improve the efficiency of viral delivery systems by allowing researchers to better 
tailor recognition proteins to their targets. In the future, our work on viral motor 
structure and mechanism will translate to better technology in the nanoparticle 
and drug delivery realms of research. 
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Appendix I 
  
  
The TerL linked-construct 
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Introduction 
As previously mentioned, ASCE ATPases and viral motors use a trans-
activated ATPase mechanism (Chapter II). In trans-activated ATP hydrolysis, 
neighboring subunits contribute to hydrolyzing ATP bound in a single subunit. 
Because the order of ATP hydrolysis in the ring determines how subunits 
undergo conformational changes during DNA translocation, correct trans-
activated ATP hydrolysis regulation is important for ringed ASCE ATPase 
function.  
In ringed ASCE ATPases, there are several mechanisms for the order of 
trans-activated ATP hydrolysis: sequential, probabilistic, concerted, and random. 
In the sequential mechanism, a subunit only hydrolyzes ATP if the subunit 
immediate upstream it has hydrolyzed ATP first. This is a commonly used 
mechanism for many ASCE ATPases, such as T7 and E1 helicases, and Rho1 
transcription termination factor159,161,233. In the probabilistic mechanism, ATP 
hydrolysis can occur in any subunit, however the probability that ATP hydrolysis 
will occur in a specific subunit is contingent on other factors, such as substrate 
binding, ligand binding, or the states of neighboring subunits. ClpX, a very well-
studied ASCE ATPase, uses a probabilistic mechanism to catalyze protein 
unfolding212. In the concerted ATP hydrolysis mechanism, all subunits cycle 
through the ATPase cycle simultaneously, leading to all subunits firing at once. 
This mechanism was predicted for the SV40 largeT antigen234. Finally, the 
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random mechanism, where there is no order for ATP hydrolysis, while 
theoretically possible, has never been observed in nature. 
In phi29 motors, the order of ATPase activity within the ring has long been 
established as sequential through extensive single molecule studies48,64. 
However, in the related terminase motors, this mechanism has never been 
tested. Preliminary ATPase studies where a catalytically dead P74-26 TerL 
variant (E150A) was mixed at varying ratios to wildtype TerL showed a linear 
decrease in activity as the E150A variant ratio increased, indicating a 
probabilistic or random order of ATP hydrolysis (Figure A1.1A). Determining 
between these two mechanisms is not possible in a bulk system because it does 
not allow for specific mutation placement within the fully formed ring, which is 
required to uncover a probabilistic mechanism212. Additionally, incomplete or 
transient ring oligomerization may obscure a sequential mechanism and make it 
appear linear. Therefore, we needed additional studies to address the question of 
ATP hydrolysis order. 
To determine the order of TerL ATP hydrolysis, I engineered covalently-
linked constructs in which multiple TerL subunits were joined together in a single 
polypeptide chain (Figure A1.1B). With this construct, we could precisely position 
specific mutations within the ring in order to control the activity of individual 
subunits, which will unveil the order of ATP hydrolysis. This idea was inspired 
largely by the work done in the ClpX field, where a similar construct uncovered 
the ClpX probabilistic ATPase mechanism212.  
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Figure A1.1. The linked-construct is a tool for studying ATP hydrolysis. (A) 
Simulated data of different models of ATP hydrolysis order overlaid with 
experimental results. A ‘random’ mechanism (red line) would show a linear 
decrease in activity as the ratio of a catalytically dead P74-26 variant (E150A) 
increases relative to wildtype TerL. Sequential and concerted mechanisms (blue 
and purple lines respectively) would sharply decrease in activity as E150A 
concentration increases. A probabilistic mechanism cannot be predicted to 
behave in a specific way because the mechanism is highly dependent on specific 
placement of mutations within the ring, and therefore would not be unveiled in 
this experiment. Black dots indicate experimental results, which overlay with the 
random or possibly probabilistic models. (B) Example of a linked pentameric 
construct. Red subunits indicate mutation subunits in the construct, which retain 
their positioning upon ring formation.  
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Materials and Methods 
Cloning 
The linked hexameric construct fused to maltose binding protein (MBP) was 
synthesized and subcloned into a pET28a vector by Genscript. The pentameric 
construct was made using the hexameric construct and deleting subunit 1 from 
the hexamer with the Gibson Assembly cloning method (New England BioLabs). 
 
Protein Expression and Purification 
All proteins were expressed in E. coli BL21 cells. Bacterial cultures were grown in 
Terrific Broth (Research Products International) supplemented with 30 μg/μL 
kanamycin at 37 °C until an OD600 of 0.7 was reached. Cells were then placed 
at 4 °C for 20 min, after which expression was induced by the addition of 
isopropyl-β-D-thiogalactopyranoside to 1 mM. Cells were returned to the 
incubator to shake overnight at 18°C. Cells were pelleted by centrifugation and 
resuspended in buffer A [500 mM NaCl, 20 mM imidazole, 50 mM Tris (pH 8.5), 5 
mM β-Mercaptoethanol (βME), 10% (vol/vol) glycerol] supplemented with 1x final 
concentration of protease inhibitor cocktail (Roche cOmplete EDTA-free tablets) 
before being flash-frozen in liquid nitrogen for storage. Thawed cells were lysed 
in a cell disruptor and pelleted to clear the lysate. From this point forward, all 
steps were performed at 4°C. Lysate was loaded onto 5 mL (per 2 liters of 
culture) Ni-affinity beads (Thermo Scientific) pre-equilibrated with buffer A with 
protease inhibitors. Protein was run over the resin at a rate of 5 mL/min and 
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immediately washed with 10 column volumes of buffer A + protease inhibitors to 
rid the sample from contaminating proteases. Protein was then eluted with 10 
column volumes buffer B [500 mM NaCl, 500 mM imidazole, 50 mM Tris (pH 
8.5), 5 mM βME, 10% (vol/vol) glycerol]. The eluted protein was collected and 
run slowly (1 mL/min) over 3 mL of amylose resin (New England BioLabs) pre-
equilibrated with 5 column volumes of buffer CB [125 mM NaCl, 25 mM Tris (pH 
8.5), 2mM DTT, 10% (vol/vol) glycerol]. After loading, the resin was washed with 
12 column volumes of buffer CB. Protein was eluted with buffer CB 
supplemented with 10 mM maltose, and twenty fractions of 1 mL volume were 
collected. The protein eluted in the first six fractions, and these fractions were 
pooled and concentrated to 1.5 mg/mL. 
 
Coupled-enzyme ATPase Assays 
Coupled enzyme ATPase assays were performed as described in Chapter II at 
concentrations of 0.05 µM hexamer, 0.06 µM pentamer, and 0.3 µM unlinked 
TerL to normalize for active site number per construct. 
 
Nuclease Assays 
Nuclease assays were performed as described in Xu et al.210 with 10 mM 
Manganese Chloride. 120 ng of pUC57 plasmid was used as the DNA substrate, 
and final protein concentrations are indicated in the experimental results. 
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Negative Stain Electron Microscopy 
3.5 µL of 260 nM pentameric linked-construct was applied to a glow-discharged 
carbon-coated 400 mesh copper EM grid and incubated for 30 seconds. Sample 
was blotted off, and the grid was washed with water and blotted two times. Grid 
was stained with 1% uranyl acetate and imaged using a 120kV Philips CM-120 
electron microscope with a Gatan Orius SC1000 detector. 
 
Results 
 As P74-26 TerL has a long (36 amino acid) unstructured tail37,116, a short 
linker was used to connect adjacent subunits. I selected a (Gly-Gly-Ser-Gly) x 2 
linker for optimal flexibility and solubility (iGem Linker Repository). We 
determined in preliminary studies that this linker is highly susceptible to 
proteolysis, and therefore a tandem-affinity purification construct was designed, 
with a N-terminal thrombin-cleavable His6 tag and a C-terminal prescission-
protease cleavable maltose-binding protein (MBP) tag (Figure A1.2A). This 
assured only full-length protein was used in subsequent experiments 
 To make the construct amenable to future mutagenesis, the construct 
nucleotide sequence was diversified, so unique primers could be engineered to 
mutate specific sites in the DNA sequence. At the time, it was unclear whether 
the motor was hexameric or pentameric (it is now strongly believed to be 
pentameric19), so a hexameric construct was synthesized with the intention of 
deleting a subunit for the pentameric constructs. The hexameric construct is  
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Figure A1.2. Characteristics of the P74-26 TerL construct. (A) Schematic of 
the hexameric TerL construct in a pET28a vector. Six TerL constructs are 
connected by short intersubunit linkers. There is a thrombin-cleavable His6 tag 
on the N-terminus and a prescission-protease cleavable maltose binding protein 
(MBP) tag on the C-terminus for tandem affinity purification. (B) Expression of 
linked hexamer pre- and post-induction in BL21 cells. Red arrow indicates 
expressed construct (C) ATPase activity of the linked constructs show that the 
pentamer and hexameric constructs are more active than the unlinked wildtype 
protein. (D) The pentameric linked construct shows less nuclease activity at 0.2 
µM concentration compared to wildtype protein, but is more active at 0.8 µM than 
a comparable amount of wildtype P74-26 TerL. 
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10,338 nucleotides long, yielding a 377 kDa protein. For the pentameric 
construct, the first subunit was deleted using Gibson assembly cloning, yielding a 
8,559 nucleotide construct that is 321 kDa in size.  
 Protein expression and purification was challenging and arduous. The 
constructs express impressively for a protein of this size (Figure A1.2B), but 
undergo severe proteolysis despite use of protease inhibitors and cold 
temperatures. At the end of purification, less than 300 µg of construct is 
recovered per liter of expression. No conditions where the protein can be cleaved 
from the MBP tag without precipitation were found, and thus all experiments were 
done with the His6 and MBP tags intact. 
 Surprisingly, both hexameric and pentameric constructs show incredible  
activity (Figure A1.2C). The pentamer shows 6.7-fold ATPase activity over wild-
type, and the hexamer shows a 5.2-fold activity increase (Figure A1.2C). The 
increase in activity is most likely due to increased trans-interactions between 
subunits, whereas the wildtype protein assemblies are not stable. Additionally, 
the pentameric construct is slightly more active than the hexameric construct. 
This is likely because the true stoichiometry in phage is pentameric, and the 
hexameric construct forces a less ideal ring assembly, slightly hindering ATP 
hydrolysis. Around the time of this experiment, strong evidence was published 
showing that the terminase motor is pentameric19, so further experiments were 
performed with the pentameric construct only. 
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 Characterization of the linked pentamer nuclease activity showed that at 
0.2 µM linked-construct, the protein was less active than a comparable amount of 
wildtype protein (1 µm) (Figure A1.2D). However, increasing the protein 
concentrations 4-fold to 0.8 µM results in greater DNA degradation compared to 
wildtype protein. It is unclear why the lower concentration of linked-construct is 
less endoucleolyticaly active, however it is possible the linker off of the nuclease 
domain constrains the domain slightly, resulting in less catalytic efficiency. 
 The first mutation made in the pentameric construct was the catalytic 
glutamate in the last subunit (TerL5 E150A) (Figure A1.3A). If the order of ATP 
hydrolysis is concerted, we would expect to see abolition of ATPase activity 
when a single mutation is introduced. If the mechanism is sequential, ATPase 
activity would drastically decrease, but the construct would still retain some 
activity (Figure A1.1). If the order is probabilistic or random, the activity would be 
4/5th of the fully-active linked-construct. However, when I performed this 
experiment, I observed no change in ATPase activity between the fully active 
linked-construct and the TerL 5 E150A variant (Figure A1.3B). There are two 
explanations for these observations. (1) The motor subunits are capable of 
compensating for a ‘dead’ subunit by hydrolyzing ATP at a faster rate, or (2) the 
protein concentration is inaccurate by about 20%. The second theory is the likely 
explanation, because due to the low yield and high extinction coefficient of the 
protein (491,225 M-1 g-1), small errors in A280 reading are magnified in the  
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A1.3. Linked construct mutations show ambiguous results. (A) Schematic of 
the pentameric linked construct with a mutation of the catalytic glutamate of 
subunit 5 (TerL5 E150A). (B) ATPase activity of the pentameric linked construct 
and the pentameric TerL5 E150A are similar. 
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protein concentration calculation. Because of this and other reasons, the linked-
construct project was put on hold, and other mutations have not been tested. 
 
Discussion 
 My work on the linked-construct is the first of its kind in the viral motor 
field. While the process of determining the order of ATP hydrolysis using the 
construct is tedious due to low protein yield, it is still a valuable tool for studying 
the motor. For instance, the construct is fully assembled and therefore may be 
useful for cryoEM structure determination. The wildtype TerL protein behaves 
very poorly in cryo and negative stain EM, but initial negative stain attempts with 
the linked-construct are promising (Figure A1.4). Single particles are visible, and 
the sample appears to be optimizable for cryoEM. Currently, the protein is stored 
in maltose-containing buffer, which may cause issues with cryo grids and 
therefore should be removed before proceeding. 
 Other applications for the linked-construct include fluorescence and single 
molecule studies. The ClpX linked-construct has been used with fluorescence to 
determine ClpX ring dynamics194, and the TerL linked-construct could potentially 
be used in a similar way. Additionally, the TerL linked-construct should be tested 
in the P74-26 in vitro packaging assay as well. If the construct displays 
translocation activity, it could give unparalleled insight into the packaging cycle. 
Therefore, the linked-construct has many potential uses in viral motor studies. 
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A1.4. Negative stain EM shows individual linked pentamer particles. 
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The cryoEM structure of an actively 
packaging motor  
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Introduction 
 
 For decades, the viral motor field has attempted to obtain a structure of a 
functional motor to understand how double-stranded DNA viruses package DNA. 
To date, there are few high-resolution structures of the TerL ATPase, and of 
those that exist, the protein structures are monomeric37–39,210. It is seemingly 
difficult to crystalize the motors in a fully assembled form, likely because of 
inherent asymmetry within the TerL ring. Fortunately, there are other techniques 
available to study viral motor structure, the most prominent of which is cryoEM. 
Recently, cryoEM has become a first-line technique for many large protein 
complexes due to the advent of direct electron detectors235,236. In terms of viral 
motors, cryoEM is a valuable tool for obtaining motor structures, as asymmetry in 
the complex does not necessarily deter users from obtaining high-resolution 
reconstructions. 
 In 2008, Cell published a cryoEM structure of an actively packaging T4 
bacteriophage motor attached to a capsid41. In this structure, the resolution of the 
motor component was very low (~34 Å), making it difficult to interpret. Since 
publication of this T4 reconstruction, new technology has made obtaining high-
resolution structures incredibly more feasible. Additionally, we began a 
collaboration with Dr. Lindsey Black’s lab at the University of Maryland, who is 
one of the world’s experts on the T4 system. For these reasons, we decided to 
revisit the T4 bacteriophage capsid and motor cryoEM work with hopes of 
obtaining a high-resolution reconstruction of an actively packaging motor. With 
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this structure, we expect to elucidate the mechanism of terminase motor 
packaging to unprecedented detail. 
 For this project, I attempted to optimize well established in vitro packaging 
assays for T4 bacteriophage to make them cryo-compatible. This proved 
challenging, as the T4 TerL protein requires high amount of glycerol in the 
storage buffer (~30%) to retain packaging activity and PEG in the reaction to 
package, both of which are not cryo-compatible. I also faced challenges with 
constructing the Y-DNA that was designed to stall the motor, and found 
optimizing the cryo grids to be difficult with the low concentrations of proheads in 
the reaction. In conclusion, to make this project feasible, non-hydrolyzable ATP 
analogs, crosslinking reagents, and more concentrated bacteriophage 
components will be needed. 
 
Materials and Methods 
Prohead and TerL purification 
Proheads and TerL were purified by Lindsey Black’s lab at the University of 
Maryland78,237. 
 
Negative stain electron microscopy of ESPs and ELPs 
3.5 µL of 1.1x 1010 ph/ml ESPs or 6.8x109 ph/ml ELPs (stored in a buffer 
containing 50 mM Tris pH 8.0, 5 mM MgCl2 0.5 mM EDTA) were applied to a 
glow-discharged carbon-coated 400 mesh copper EM grid and incubated for 30 
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seconds. Sample was blotted off, and the grid was washed with water and 
blotted two times. Grid was stained with 1% uranyl acetate and imaged using a 
120kV Philips CM-120 electron microscope with a Gatan Orius SC1000 detector.  
 
Cryo-electron microscopy of ESPs and ELPs 
400 mesh 2/2 Holey Carbon C-Flat grids (Protochips) were incubated with 
chloroform until dry. Grids were glow discharged for 60 seconds at 20 mA 
(negative polarity) with a Pelco easiGlow glow discharge system (Pelco). 3 µL of 
1.1x 1010 ph/ml ESPs or 6.8x109 ph/ml ELPs (stored in a buffer containing 50 
mM Tris pH 8.0, 5 mM MgCl2 0.5 mM EDTA) were applied to the grid at 22°C 
and 95% humidity in a Vitrobot Mark IV (FEI). Samples were blotted for 2 
seconds with a blot force of 2 after a 15 second wait time. After a 0.5 second 
drain time, samples were vitrified by plunging into liquid ethane and were stored 
in liquid nitrogen until data collection. Grids were imaged using a 120kV Philips 
CM-120 electron microscope with a Gatan Orius SC1000 detector.  
 
T4 in vitro packaging 
 The T4 in vitro packaging reaction protocol was adapted from Black et al. 
200694. In a 16 µL reaction, 2.0 x 109 ph/mL (storage buffer contains 50 mM Tris 
pH 8.0, 5 mM MgCl2, 0.5 mM EDTA) 530 nM T4 TerL (storage buffer contains 50 
mM Tris pH 8.0, 0.1 mM EDTA, 5 mM MgCl2, 0.2 mM ZnCl2, 30% glycerol), 460 
ng of dsDNA, 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 6 mM MgCl2, 2 mM 
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spermidine, 1 mM putrescine, 5% PEG 20,000 (or substitute indicated), 0.5 mM 
DTT, and 5 mM ATP were incubated for 1 hour at room temperature to 
encourage DNA packaging. Next, 2 µg of DNaseI was added and incubated for 
30 mins at 37°C. After the incubation, 3 µL of 1 part proteinase K (20 mg/mL), 1 
part EDTA (0.5 M, pH 8), 1 part SDS (10%) was added and incubated at 65°C for 
30 minutes. To make the gel sample, 10.5 µL of the reaction and 2 µL sample 
buffer were run on a 1% (wt/vol) TAE-agarose gel with a 1:10,000 dilution of 
GelRed dye (Phenix Research) for 75 minutes at 85 volts. 
 
T4 centrifugation buffer exchange protocol  
 This protocol was adapted from Hegde et al. 2012157. In a 50 µL reaction, 
2x1011 ELP proheads and a 10:1 ratio of TerL to portal monomer (12 portal 
molecules per prohead) were used in a packaging reaction (see above) and 
incubated for 1 hour at room temperature. The digestion steps of the packaging 
reaction were foregone, and samples were spun at 17,000 x g at 4°C for 45 
minutes. 35 µL of supernatant was removed, and the pellet was washed with 500 
µL of prohead buffer (50 mM Tris pH 8.0, 5 mM MgCl2, 0.5 mM EDTA) with 5 mM 
ATPγS. Samples were spun at 17,000 x g for 45 minutes at 4°C. As much 
supernatant as possible was removed from the washed pellet, and the pellet was 
resuspended in 20 µL prohead buffer plus 5 µL of 6x SDS protein loading buffer. 
Sample was run on a 12% acrylamide SDS-PAGE gel, and stained with 
Coomassie blue for imaging. 
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Y-DNA design and creation 
Oligonucelotide Y-DNA primers were ordered from IDT. Primers were designed 
to have a built-in EagI restriction site upon annealing. Y-DNA-PreCut-1 primer 
sequence: 
GGCCGATTCATAGGTAGCATACGTGCCCGGGCCACTATGGCAGAT 
CGAATTTTTTTCGATCTGCCATAGTGGCCCGGGC with 5’ phosphorylation. Y-
DNA-PreCut-2 primer sequence: CGGGCCCGGTGATACCGTCTAGCTTT 
TTTTAAGCTAGACGGTATCACCGGGCCCGACGTATGCTACCTATGAATC. 
Primers were resuspended and annealed in a buffer of 20 mM Tris pH 8.0, 1 mM 
MgCl2. Leader sequences were PCR amplified from a ScaI digested pUC19 
plasmid with a primer that adds an EagI sequence onto one end. 2:1 ligations 
were performed of Y:leader overnight with T4 ligase (New England BioLabs) at 
16°C. 
 
Polylysine and polyglutamine treated grids 
400 mesh 2/2 Holey Carbon C-Flat grids (Protochips) were incubated with 
chloroform until dry. Grids were glow discharged for 60 seconds at 20 mA 
(negative polarity for polylysine, positive polarity for polyglutamine) with a Pelco 
easiGlow glow discharge system (Pelco).  5 µl of 0.1% polylysine or 
polyglutamine was incubated on the grid for 90 seconds. Additive was wicked off 
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with Whatman paper, and grids were washed two times with water. Samples 
were prepared as explained above, with the substitution of 1 second blot time. 
 
Results 
 For this work, the proposed approach was to use the T4 in vitro packaging 
system alongside a forked ‘Y-DNA’ substrate that was previously designed and 
tested by our collaborator to stall the T4 motor during packaging111,118 (Figure 
A2.1). Using this Y-DNA eliminates the need for non-hydrolyzable ATP analogs, 
which may hydrolyze over time. We predicted that locking the motor in place 
would assist in cryoEM reconstruction by stabilizing the motor in a fixed position 
prior to freezing, which also ensures DNA would be captured in the TerL channel. 
 
Electron microscopy of T4 proheads 
 For T4 bacteriophage, there are two types of packaging-capable 
proheads: Empty Small Proheads (ESPs) and Empty Large Proheads (ELPs). As 
their namesake suggests, ESPs are the unexpanded, smaller precursors to 
ELPs237,238. What causes the transition from ESP to ELP between the two 
proheads is not known, however both can be used for in vitro packaging94,237. 
Initial negative stain evaluation was discouraging for both samples of empty 
proheads (Figure A2.2A and B). Both ESP and ELP samples looked shriveled, 
heterogenous, and appeared to clump together on the grid. Nevertheless, we 
attempted cryoEM on the proheads to see if the stain deformed the capsids.  
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Figure A2.1. Proposed approach for stalling T4 packaging motors for 
cryoEM. In this approach, we combine the established in vitro packaging system 
for T4 bacteriophage157 with Y-DNA111,118 to stall the motor for cryoEM imaging. 
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Figure A2.2. Negative-stain electron microscopy of ESP and ELP particles. 
Both Empty Small Proheads (ESP; A) and Empty Large Proheads (ELP; B) are 
heterogenous, deformed, and aggregated in negative stain conditions. These 
images were taken at 40,000x magnification. 
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Fortunately, this turned out to be the case. Whereas ESPs still remained 
heterogenous and unstable, the ELPs samples significantly improved (Figure 
A2.3A and B). In the ELP sample, the ELP particles appear highly stable, 
homogenous in shape, and show a multitude of orientations (Figure A2.3B). 
Since the ELP sample appeared to be highly amenable to cryoEM, we decided to 
proceed with ELPs for future optimization. 
 On the Talos Arctica, the K2 direct detector unveiled more details of the 
T4 prohead (Figure A2.4). It is possible to see an area of greater contrast at one 
end of each prohead (red arrows) that likely corresponds to the portal ring. 
Additionally, hair-like protections extend off the capsid surface. These are likely 
the ‘HOC’ proteins, which are 40 kDa flexible proteins that reach up to 60 Å away 
from the capsid and number 155 proteins per capsid239. These findings were 
incredibly encouraging for high-resolution structure determination using the T4 
system. 
 
Cryo-compatible T4 in vitro packaging optimization 
 Next, I went on to evaluate the T4 reagents for in vitro packaging. In the in 
vitro packaging assay, proheads, TerL, DNA, ATP, and reaction buffer are mixed 
and incubated to facilitate DNA packaging (Figure A2.5A). DNase is then added 
to degrade extra unpackaged DNA, and afterwards proteinase K and SDS are 
used to digest the capsid and expose the packaged DNA. Because the T4 TerL 
protein is usually stored in a non-cryo-compatible buffer with 30% glycerol, I  
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Figure A2.3. Cryo-electron microscopy of ESP and ELP particles. (A) Empty 
Small Proheads (ESPs) are deformed and heterogeneous in cryoEM conditions. 
(B) In contrast, Empty Large Proheads (ELP) are homogenous, stable, and adopt 
multiple orientations in cryoEM conditions. These images were taken at 31,000x 
magnification. 
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Figure A2.4. High resolution cryo-electron microscopy of ELP particles 
show details of proheads. Using the Talos Arctica and K2 direct electron 
detector, we can see density of the portal region (red arrow) on the ELP 
proheads. The hair-like projections are most likely the T4 HOC protein, a capsid 
decoration protein. 
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Figure A2.5. Optimization of a cryo-compatible in vitro packaging reaction 
is challenging. (A) In vitro packaging assay. Proheads, TerL, DNA, and ATP are 
incubated to package DNA. DNase I is added to digest unpackaged DNA, and 
proteinase K and SDS are used to degrade the procapsids and release 
packaged DNA. (B) In vitro packaging assay shows T4 TerL purified without 
glycerol is significantly less active than TerL with glycerol. (C) PEG 3,350 can be 
substituted for PEG 20,000 without significant changes in packaging activity. (D) 
5% PEG 20,000 pushes procapsids out of the cryo grid holes. (E) 5% PEG 3,350 
results in ‘dry’ grids. (F) Ficoll substitution for PEG 20,000 abrogates packaging 
activity. 
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tested whether the T4 TerL protein remained active without glycerol in the 
purification. Unfortunately, during the short amount of time between purification 
to experiment (overnight), T4-TerL almost completely loses activity (Figure 
A2.5B). In addition, we were informed by our collaborator that PEG is necessary 
to have in the packaging reaction. I tested cryoEM samples with the 
recommended 5% PEG 20,000 and found that the PEG pushed the particles out 
of the holes (Figure A2.5D). I was able to obtain equivalent amounts of 
packaging with PEG 3,350 (Figure A2.5C), but in cryoEM the grids were dry 
(Figure A2.5E). Substituting PEG for a different crowding reagent, 5% Ficoll, led 
to no packaging (Figure A2.5F). From these results, I concluded that the 
packaging reaction has to take place with glycerol and PEG in the buffer, which 
we would later remove through buffer exchange or dialysis prior to freezing. 
 
T4 packaging buffer exchange assay 
 Previously published work showed T4 TerL co-pellets with T4 proheads 
with centrifugation157. With this protocol, I attempted to buffer exchange the 
proheads bound to TerL into a cryo-compatible buffer. I was unable to confirm 
that TerL co-pellets with T4 capsid because there is a contaminant in the 
prohead sample that runs at the same molecular weight as T4 TerL on SDS-
PAGE (Figure A2.6A). Additionally, is appears that T4 TerL pellets on its own 
(Figure A2.6B), making it ambiguous whether it actually binds to the capsid in 
this assay.  
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Figure A2.6. Centrifugation buffer exchange protocol test for T4 proheads 
and T4 TerL (gp17). An in vitro packaging assay was performed, and subjected 
to the centrifugation protocol outlined in Materials and Methods. It is unclear if T4 
TerL co-pellets with ELP proheads because (A) there is a significant ELP 
prohead preparation contaminant than runs at the same size as T4 TerL (red 
arrow) and (B) T4 TerL sediments on its own. 
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Y-DNA formulation 
 It was incredibly challenging to create Y-DNA. The initial construct design 
consisted of two 90mer oligos, each of which form half of the ‘Y’. In the ‘Y’ stem, 
there is an EagI cut site, which when digested with EagI restriction enzyme forms 
an overhang to be annealed and ligated to a DNA ‘leader sequence’ containing a 
complementary overhang. I decided to order the Y-DNA primers with the EagI 
cleavage site pre-engineered to eliminate the need for restriction enzyme 
digestion. To facilitate ligation, I ordered the 5’ overhanging-end primer for the Y-
DNA with 5’ phosphorylation, which is not standard for primers ordered from IDT. 
Regardless of these measures and uncountable attempts, I could not obtain Y 
ligated to the leader sequence. The leader sequence appears to self-ligate  
(Figure A2.7A), so I swapped the EagI site for a BbsI restriction site, which is 
non-palindromic and cannot self-ligate. With the BbsI Y-DNA and leaders, no 
annealing was observed (Figure A2.7B). Interestingly, with the EagI cut site the 
‘Y’ does not self-ligate (Figure A2.7A), leading to the conclusion that the issue 
stems from Y-DNA formation. Our collaborator had some success with creating 
the Y-DNA, however the yield of the ligated product after gel recovery was so low 
that it could not be used in any experiments. From these attempts, we concluded 
that Y-DNA was not a straight-forward method for stalling the motor, and a non-
hydrolyzable analog should be considered more seriously. 
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Figure A2.7. Creating Y-DNA proves challenging. (A) EagI digested leader 
sequence tends to self-ligate (red arrow) but Y-DNA does not. (B) Swapping the 
EagI site for the non-palindromic BbsI site shows almost no ligation occurs 
between the Y-DNA and the leader sequence. 
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Grid optimization for ELP proheads 
 In many of my cryoEM images I noticed the proheads tend to stick to 
carbon when capsid concentration is lowered. Since we must dilute the capsids 
with other reagents to package DNA, we need a way to push the capsids into the 
grid holes. To do this, I tried coating the carbon on the cryo grids with polylysine 
with hopes that the capsids would be repelled into the holes. The proheads 
appeared to be attracted to the polylysine even more, so this reagent was not 
usable (Figure A2.8A). I next tried polyglutamine, which has the opposite charge 
of lysine. Unfortunately, polyglutamine denatured the protein and disrupted ice 
formation (Figure A2.8B). From this work, it appears the samples must be highly 
concentrated in order to go into the holes, as seen in (Figure A2.3B). 
 
Discussion 
 Optimizing the T4 samples for cryoEM proved to be a highly challenging 
project. T4 TerL purifications yield small amounts of protein, and T4 capsid preps 
are tedious, forcing optimization to be time-consuming and difficult. The main 
challenges behind this project are (1) removing glycerol and PEG from the 
packaging reaction to make the samples cryo-compatible (2) creating a reagent 
to stabilize the motor, such as Y-DNA (3) concentrating the samples enough to 
have particles in the grid holes. For these obstacles, there are several alternative 
options that have yet to be tried. 
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Figure A2.8. Treating cryo-grids to force proheads into the holes. (A) 
Polylysine treatment appears to attract prohead particles, as seen in this partially 
polylysine covered hole. (B) Polyglutamine treatment leads to protein 
denaturation (red arrows) on grids. 
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In regards to the T4 TerL purification, our collaborators informed us if the 
protein is used immediately after purification it retains activity without glycerol. It 
appears that the hours of overnight shipping are enough for T4 TerL to lose 
activity, making it a highly time sensitive reaction. Our collaborators have offered 
to travel to UMass to purify the protein onsite in the future, which may solve the 
issue of having glycerol in the reaction.   
Additionally, our collaborators have reported the motor packages DNA 
with lower amounts of PEG (1-2%), albeit at a lower efficiency. We have not 
tested these low PEG amounts in cryoEM, and therefore do not know how these 
conditions behave when vitrified. Therefore, there is potential to further optimize 
this condition. 
In terms of stabilizing the motor, the Y-DNA approach requires 
optimization to improve DNA yields. However, there are unexplored techniques 
for locking the motor in place, including slowly-hydrolyzable and non-
hydrolyzable ATP analogs (ATPγS, AMP-PNP, ADP•BeF3), and crosslinking. 
Crosslinking is a valuable tool if the packaging reaction cannot be optimized 
without glycerol and PEG. In this case, we will crosslink the packaging complex 
and use dialysis to remove the glycerol and PEG before imaging. Prior to this, 
the protein and proheads must be purified in buffers without Tris, which they 
currently contain, as this is a crosslink quenching reagent for the commonly used 
crosslinkers. In my opinion, a combination of crosslinker and non-hydrolyzable 
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ATP analog will be necessary to stall the motor complex and keep it intact for 
imaging. 
For forcing viral particles into the holes for cryoEM imaging, there are 
other techniques we can try as well. If we use crosslinker and dialysis to remove 
glycerol and PEG from the packaging reaction, the next step could be simply to 
concentrate the particles using typical concentration methods. If the particles do 
not remain intact during concentration, other grids are available for testing. Gold 
foil grids do not have a carbon coated surface for the particles to stick to, so they 
may push the particles into the holes. Graphene oxide or carbon-coated grids 
may also attract particles to the holes. Additionally, for other virus projects in our 
lab, lacey carbon grids have worked well in the past240 and may work for our 
purposes also. 
In summary, although there are many challenges with obtaining a cryoEM 
reconstruction of an actively packaging T4 motor, there are several untested 
approaches to solve these issues. Future work on this project will test the 
aforementioned methods with hopes of solving the issues faced in this work. 
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Appendix III 
  
  
The large terminase DNA packaging 
motor grips DNA with its ATPase 
domain for cleavage by the flexible 
nuclease domain 
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